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ABSTRACT
One strategic objective of the National Aeronautics and Space Administration
(NASA) is to find life on distant worlds. Current and future missions either space
telescopes or Earth-based observatories are frequently used to collect information
through the detection of photons from exoplanet atmospheres. The primary chal-
lenge is to fully understand the nature of these exo-atmospheres. To this end, atmo-
spheric modeling and sophisticated data analysis techniques are playing a key role in
understanding the emission and transmission spectra of exoplanet atmospheres. Of
critical importance to the interpretation of such data are the opacities (or absorp-
tion cross-sections) of key molecules and atoms. During my Doctor of Philosophy
years, the central focus of my projects was assessing and leveraging these opacity
data. I executed this task with three separate projects: 1) laboratory spectroscopic
measurement of the infrared spectra of CH4 in H2 perturbing gas in order to ex-
tract pressure-broadening and pressure-shifts that are required to accurately model
the chemical composition of exoplanet atmospheres; 2) computing the H2O opacity
data using ab initio line list for pressure and temperature ranges of 10−6–300 bar
and 400–1500 K, and then utilizing these H2O data in radiative transfer models to
generate transmission and emission exoplanetary spectra; and 3) assessing the im-
pact of line positions in different H2O opacities on the interpretation of ground-based
observational exoplanetary data through the cross-correlation technique.
Over 1/3 of the Early Release Science observing with James Webb Space Telescope
(JWST ) is being devoted to exoplanet transit studies, which demonstrates the great
interest in the use of the telescope for this science. High quality opacities will be
required to interpret all observations of transiting planets. During past a few years,
I have investigate the importance of these opacities and provide these data for both
key absorbers, H2O and CH4, which will be used in order to accurately interpret
i
current and future observational data. The results from my thesis projects have an
immediate impact on the interpretation of exoplanet spectra.
ii
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Chapter 1
UNDERSTANDING EXOPLANET ATMOSPHERES THROUGH TRANSIT
SPECTROSCOPY
1.1 Exoplanet Atmospheric Composition
A major goal of exoplanet science is to determine the composition of their atmo-
spheres. Composition offers a window into what planets are like beyond our solar
system and possible clues to how they formed (O¨berg et al., 2011; Mordasini et al.,
2016). One of the key findings of the Kepler Mission (Borucki et al., 1997) is that a
majority of exoplanets fall within a “warm sub-Neptune” regime (Rp ∼2–4R T<1000
K ) (Fressin et al., 2013; Batalha, 2014; Fulton et al., 2017). Objects in this plan-
etary regime are expected to occupy a broad compositional space from pure H2/He
dominated atmospheres to high metallicity (Fortney et al., 2013; Moses et al., 2013;
Hu and Seager, 2014); this finding has been born out by numerous recent Hubble
space (HST ) and Spitzer telescopes (Morley et al., 2017; Wakeford et al., 2017; Krei-
dberg et al., 2014a; Fraine et al., 2014; Knutson et al., 2014). Observations of these
worlds with HST and beyond (such as the James Webb Space Telescope-JWST ) will
rapidly increase over the next half-decade as the Transiting Exoplanet Survey Satel-
lite (TESS) is expected to find hundreds of such objects (Sullivan et al., 2015; Louie
et al., 2018).
Understanding the thermochemically stable species (e.g., atoms, molecules, and
condensates) in exoplanet atmospheres provides an important means to understand
the possible and key atmospheric reactions and the abundance of these species un-
der different pressure-temperature conditions. Additionally, knowing the mixing ra-
1
tios of these stable species leads to an accurate radiative transfer modeling of exo-
atmospheres. The possible chemical composition and the relative abundance (or
mixing ratios) in chemical equilibrium can be determined though minimizing the
Gibbs free energy (Burrows and Sharp, 1999; Sharp and Huebner, 1990). Equilib-
rium and disequilibrium chemistry of generic super-Earths and sub-Neptunes predict
their atmospheres are strongly dependent on their temperature and bulk (Moses et al.,
2013). In contrast to H2/He dominated Jovian-like worlds, planets in this category
are expected to have H2O, CO, CO2, and even O2-dominant atmospheres. Figure 1.1
shows that the carbon-bearing molecules at T > 800 K are CO and CO2 while CH4
is dominant at low temperatures.
Figure 1.1: Possible compositional diversity in super-Earth and sub-Neptune atmo-
spheres (Credit: (Moses et al., 2013))
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It is worthwhile to define the atmospheric “metallicity” term, which will be used
in the entire dissertation. In astrophysics context, “metal” refers to any element
heavier than H and He. For instance, the elemental abundance of the H and He in
the solar photosphere are 2.884×1010 and 2.288×109, respectively (Lodders, 2003).
In order to calculate the “atmospheric metallicity”, we should sum up all the abun-
dances of atmospheric metals such as O, C, N, S, etc. and then, divide them by the
H abundance. This value should be divided to the solar ratio to provide the metal-
licity value. For example, the metallicity of O, C, and N in the solar photosphere
is 8.030×10−4 (i.e., [O+C+N]/[H] = 2.3159×107/2.884×1010). In a case that we
have 500×solar metallicity atmospheres, the fraction of O+C+N will be 500 times of
[(O+C+N)/(H)]atm/[(O+C+N)/(H)]solar. Thorngren and Fortney (2019) have pro-
vided a complete discussion on the atmospheric metallicity.
1.2 Exoplanet Atmospheric Transmission and Emission Spectra
The transit method has been an important tool for detecting transiting exoplanets
and also understanding their atmospheric compositions. There are two main methods
to measure the atmospheric properties of transiting planets as illustrated in Figure 1.2.
During primary transit, wavelengths with high opacity result in a large and effective
planet-to-star radius whereas less absorbing wavelengths allow stellar light to pass
through the deeper atmosphere, resulting in a smaller and effective planet-to-star
radius ratio.
By measuring the wavelength dependent primary eclipse depths via Eq.1.1, we
can reconstruct a transit transmission spectrum (Seager, 2010).
∆δ =
pi(Rp +NHH)
2
piR2?
− piR
2
p
piR2?
= 2NHδ
H
Rp
(1.1)
3
H =
kBT
µg
(1.2)
Where H is the scale height (Eq. 1.2), NH is the number of scale heights, Rp
is the planet radius, R? is the host star radius, and δ is (Rp/R?)
2. The scale height
reflects the e-folding scale of decreasing in pressure with height in a given atmosphere,
and is dependent upon the mean molecular mass (µ), the equilibrium temperature
(T ), the Boltzmann constant (kB), and the planetary surface gravity (g). Because of
the long path-lengths traversed by stellar light, transit spectroscopy is an excellent
probe of molecular and atomic absorbers, clouds/hazes, molecular weight, and average
temperatures. Following the hydrostatic equilibrium, the geometry of a tangent ray
through a planetary atmosphere, and the definition of optical depth, the transit depth
is strongly dependent to the atomic/molecular absorption cross-sections as given in
Eq. 1.3 (Line and Parmentier, 2016; Lecavelier Des Etangs et al., 2008; Fortney, 2005):
Figure 1.2: Transit detection method (Image credit: (Seager, 2010))
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zλ =
kbT
µg
ln
(
ξσλ
1√
kbTµg
P0
τeq
√
2piRp
)
(1.3)
where ξ is the volume mixing ratio of a particular absorber with cross section
σλ, P0 is the reference pressure, and τeq is the optical depth required to produce an
equivalent opaque disk. The wavelength dependent transit depth (αλ) can then be
given as Eq. 1.4:
αλ ≈
(
Rp
Rstar
)2
+
2Rpzλ
R2star
(1.4)
The secondary eclipse or occultation geometry is a differential measurement of the
emitted flux from the planet itself which is obtained (Alonso, 2018).
FP
F?
=
B(λ, Td,p)
B(λ, T?)
(
Rp
R?
)2 (1.5)
Where B(λ, Td,p) and B(λ, T?) (with dimension of Jsec
−1Sr−1m−2Hz−1) are the
blackbody radiation from the planet, and Rp and R? are the planetary and star
radius, respectively. T? and Td,p are the star and the planetary dayside temperature.
At strongly absorbing wavelengths, higher altitudes are probed typically at cooler
temperatures, which results in shallower eclipse depths. At wavelengths of low opacity
we probe the deeper atmosphere, which is typically hotter, resulting in larger eclipse
depths. Secondary eclipse spectroscopy is a powerful probe of the planetary thermal
structure and molecular absorbers on the planetary dayside.
Information learned from transmission and emission spectroscopy will allow us
to address fundamental questions about planetary composition, formation, chemi-
cal processes, clouds, and climate. However, computation of these model spectra,
either through self-consistent forward modeling or atmospheric retrievals, and their
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comparison critically depends on the accuracy of the absorption cross-sections.
1.3 Ground-Based High-Resolution Spectroscopy
In recent years, high-resolution spectroscopy with ground-based telescopes has
received high attention as a complimentary technique to characterize exoplanet at-
mospheres (Birkby, 2018). This technique relies on the Doppler shift of the planetary
molecular/atomic lines as the planet orbits around its star. In fact, in the rest frame,
the line position of molecular features are equal to the laboratory measurements.
However, during the planetary orbit at different phases, the observed lines could be
red-shifted or blue-shifted. For example, Fig. 1.3 shows the synthetic spectra detected
from the atmosphere of a generic exoplanet.
One important advantage in this exoplanet observational technique is that the
detection could be done with very high resolution (R=25,000–100,000), which can
record many molecular spectral lines. In contrast, HST and JWST space-based
telescopes could have a resolution of 100 and 3000 at maximum, which are broadband
spectral. The power for detecting many molecular lines due to the high number of
resolved spectral lines potentially offers a higher and effective “molecular” signal-to-
noise ratio (SNR) through the following equation (Birkby, 2018):
SNRplanet =
Splanet
Sstar
SNRstar
√
Nlines (1.6)
where
Splanet
Sstar
is the planet-to-star signal ratio. As it is shown in Eq. 1.6, the
planetary SNR value relies on the number of detected molecular lines. In order to have
high modeling confidence and accurate interpretation of the atmospheric composition,
we need to have a large number of molecular lines. Therefore, accurate laboratory
spectra of opacity data are essential in this method.
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In this ground-based technique, one statistical method that has been used is cross-
correlation function (CCF), in which the correlation between two arrays will be repre-
sented by a a value in the range of -1 and +1. Given the observation detected spectra
and the laboratory high-resolution spectra (i.e., called template) as X and Y array,
respectively, the cross-correlation coefficient, r, is calculated as following:
r =
∑N
i=1(xi − x¯)(yi − y¯)√∑N
i=1(xi − x¯)2
√∑N
i=1(yi − y¯)2
, (1.7)
where x¯ and y¯ are the average value of x and y, respectively.
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Figure 1.3: The high-resolution spectroscopy technique though ground based tele-
scopes have been initiated from the last few years. In this technique, the Doppler-
shifted spectral lines are recorded with ground-based telescopes. Blue- and red-shifts
(top panel) shows invaluable information about both transiting and non-transiting
planets. The bottom panel is the combination of hundreds of the recorded spectra
at different planetary phase in spectral range of 2.308–2.314 µm. The white lines are
the CO rotation-vibrational lines which experience Doppler shifts. The black lines
are imprinted from absorbers inside the Earth’s atmosphere which are called Telluric
lines. (Plot Credit: (Birkby, 2018))
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1.4 Absorption Cross-Sections
Consider a box in a given atmosphere with number density of n (i.e., n absorbing
molecules/atoms per cubic centimeter). According to the Beer-Lambert law, the drop
in the incident intensity (i.e., photons/cm2) can be determined by (Bernath, 1995):
I(ν) = I0(ν)e
−nlσ(ν) (1.8)
where l is the path length (cm), and σ is the molecular absorption cross-section
(cm2/molecule). Eq. 1.8 is a critical concept in both laboratory spectroscopy and
atmospheric modeling. Absorption cross-section data (ACS) is the key ingredient in
inferring the abundances of particular molecules, hence the atmospheric composition
as shown in Eq. 1.8. It should be noted that opacity (κ) is a known term used in
exoplanet community, and in some cases it is mistakenly used to refer to the ACS. κ
is related to the absorption cross-section σ data as following:
σ(λ)n = κ(λ)ρ (1.9)
where κ dimension is cm2/g, and ρ is mass density (i.e, [g/cm3]). Hereafter, we use
both terms in various cases, however, in all cases, we deal with σ. A comprehensive
review for opacity data can be find in the recent papers by Tennyson and Yurchenko
(2018) and Bernath (2014).
ACS typically consist of thousands of lines, with each line dependent on wave-
length, pressure-broadening, and Doppler broadening. Additionally, the broadening
of these ACS lines is strongly dependent on the background gas of the atmosphere.
In Eq. 1.8, nσ(ν) is called absorption coefficient kν (cm
−1), and it relates σ(ν) to the
the line profile f(ν) through the following Eq. (Buldyreva et al., 2010):
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σ(ν) = kνf(ν) (1.10)
Figure 1.4: Absorption cross-sections (ACS) data for different key atmospheric ab-
sorbers. Plot Credit (Gandhi and Madhusudhan, 2018).
1.5 Line Broadening
An absorber in an atmosphere of exoplanets experiences different physical envi-
ronments including a wide range of temperature of 300 – 3000 K (i.e., Earth, super-
Earths, extremely hot-Jupiters). In addition, broadening gases or perturbers interact
or collide constantly with the absorber. Depending to the pressure-temperature layer
or the altitude that the absorber present, these physical conditions (i.e., temperature,
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pressure, and broadeners) will imprint their effect on the exoplanetary detected spec-
tra through collisional pressure-broadening effect on the emission and transmission
spectra. The two key broadening effects that build the line profile are Doppler broad-
ening (or thermal broadening) and pressure-broadening (or collisional-induced line
broadening). In the following sections, these two physical concepts will be discussed.
1.5.1 Doppler Broadening: Gaussian Line Profile
At a very high altitude in the atmosphere where the pressure is noticeably low (i.e.,
P < 1 mbar), the effect of collisions on molecular spectra is very small and negligible.
However, molecular velocities are distributed according to the Maxwell-Boltzmann
statistics, that results in Doppler broadening (Buldyreva et al., 2010).
fG(ν − νij, γD) =
√
ln 2
piΓ2D
exp
(
− ln 2(ν − νij)
2
Γ2D
)
(1.11)
ΓD(T ) =
νij
c
√
2 ln 2NAkBT
M
= 3.581× 10−7
√
T
ma(amu)
νij (1.12)
Where M is the molar mass of the absorber molecule in grams, NA is the Avogadro
constant (6.022140857 × 1023 mol−1), kB is the Boltzmann constant (1.38064852 ×
10−23 JK−1), and νij is the line position or the energy gap between quantum levels i
and j in any arbitrary energy unit (e.g., cm−1).
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1.5.2 Pressure Broadening: Lorentzian Line Profile
When an atom or molecule A with energy levels Ei and Ef approaches another
atom or molecule B, the energy levels of A will be disturbed. This interaction between
A and B is called collision. As a result of this collision, the line center will shifted
which is called pressure-shift (or collisional-induced shift). In addition, the natural life
time of system A in the energy levels will change, and hence, a new broadening will be
added into the natural broadening which is called pressure-broadening (or collisional-
induced broadening) (Demtro¨der, 2008). Therefore, in the presence of perturbing
gases, the total transition probability Ai (i.e., Einstein A coefficient) of an absorber
will be the combination of the natural broadening and collisional broadening.
Pressure broadening occurs when we go deeper in the atmosphere, for instance,
where the pressure is higher than 100 mbar. In this situation, the collisional fre-
quency of the broadeners with the absorbers increases so that interaction between
with the given absorber increases which leads to the pressure-broadening linewidth
with Lorentzian line profile fL and Lorentzian-HWHM of ΓL, as given in Eqs. 1.13
and 1.14 (Buldyreva et al., 2011):
fL(ν; νij, T, p) =
1
pi
ΓL(p, T )
ΓL(p, T )2 + [ν − νij]2 (1.13)
ΓL =
∑
b
( T
Tref
)−nT,b
γL,b pb, (1.14)
where γL,i is the Lorentzian coefficient, pi is the partial pressure, Tref is the reference
temperature (i.e., 296K) and nT is the thermal coefficient. Index i represents different
broadeners. Temperature is another cause of line-broadening and influences both
pressure-induced broadening and Doppler broadening. Kinetic theory predicts nT,b
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= 0.5, but temperature-dependence experiments show nT 0.4 - 0.8. It is important
to note that Lorentzian coefficients are dependent on the rotational and vibrational
state (wavelength dependence) of a molecule and this dependence must be included
in a complete database.
1.5.3 Voigt Line Profile
The convolution of Gaussian and Lorentzian profile gives the Voigt profile (see
Eq. 1.15), which is employed in generating ACS in this these projects:
fV(ν − νij,ΓL,ΓD) =fL(ν − νij, γL) ∗ fG(ν − νij, γD) (1.15)
1.6 Radiative Transfer Equation
Depending on the temperature-pressure profile and also the planetary chemical
reservoir, different absorbers will be dominant in each layer, and consequently, inci-
dent photons experience different chemical compositions in each layer. Understating
the interaction between the starlight with the atmospheric absorbers is fundamental
to interpret the observational transmission/emission spectra. Photons with different
wavelengths travel through various layers of a given atmosphere, and it will be ab-
sorbed, transmitted, or scatted by the absorbers. Hence, the transmitted/emitted
photons have valuable information not only about the presence of the atmospheric
absorbers, but they also include quantitative data on the mixing ratios of each species.
In order to understand the interaction between the incident starlight with the atmo-
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sphere, radiative transfer equation will be used as following (Marley and Robinson,
2015):
dIν
dl
= −σνnIν + ν (1.16)
where dIν is the change of incident light with respect to the travelled distance ds,
κν is the absorption coefficient ([cm
−1]), and ν is the emission coefficient. Since our
study scope is to understand the interaction of light with the atmosphere of distant
worlds, we can use introduce the optical constant (eq. 1.17) into the radiative transfer
equation 1.16, and show the change of intensity with respect to optical constant as
1.18:
dτ = κνds (1.17)
dIν
dτ
= Iν − Sν (1.18)
where, Sν is called source function and is equal to
ν
κν
.
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Chapter 2
FUNDAMENTALS OF HIGH-TEMPERATURE PRESSURE-BROADENING
INFRARED FOURIER TRANSFORM SPECTROSCOPY OF CH4
2.1 Basics of Michelson Interferometer and Fourier Transform Spectroscopy
Michelson interferometer encompasses a fixed mirror and a moving mirror. The
infrared light, emitted from the source, will first be divided into two equal portions
by the beam splitter (Ready, 1997). The first portion of the light will be directed
into the fixed mirror, and it traverses the small arm with path 2x1. Simultaneously,
the second portion of light will be transferred into the movable mirror inside the long
arm with path 2x2 (see Fig. 2.1). While x1 distance is fixed, x2 changes during the
measurements. As a result, the two portions of light will be recombined through the
constructive or destructive pattern following the difference between these two optical
path lengths of x1 and x2, which is known as optical path difference (ζ) (Griffiths and
de Haseth, 2007):
ζ(x) = 2(x2 − x1). (2.1)
One could imagine that a wide range of intensity is created as a result of the
moving mirror, and hence, the intensity depends on the optical path difference as the
following:
I(ζ) = 0.5I(ν) + 0.5I(ν) cos(2piνζ), (2.2)
where I(ζ) is the combined intensity that will be entered into the sample compart-
ment. The maximum combined intensity, I(ζ), can be achieved when the combined
14
Fixed Mirror
M
ovable M
irror
IR Source
Detector
Beam Spliter
x1 x2
Figure 2.1: Schematic of Michelson interferometer
lights are in phase (i.e., x1 = x2) and so ζ = 0. The second term in Eq. 2.2 is the
modulated component which is known as the interferogram, I(ζ), and it is a function
of the optical path difference:
I ′(ζ) = 0.5I(ν) cos(2piνζ), (2.3)
in which the combined intensity I(ζ) is for an “ideal” interferometer with not any loss
in the intensity due to the instrument, beam splitter and so on. However, realistically
there a small fraction of the detected light would be either from the instrumental
radiation or from unequal splitting of the source light in the beam splitter. Therefore,
the ideal interferometer, I(ζ), should be corrected for these issues. The corrected
combined intensity, I ′′(ζ) can be taken as the integral of a broadband wavelength-
dependent radiation (i.e., R(ν) with unit: W.m−1.Hz−1) over all frequencies, the we
can re-write the interferogram as Eq. 2.4:
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I ′′(ζ) =
∫ ∞
−∞
R(ν) cos(2piνζ(x)) dν. (2.4)
In Eq. 2.4, R(ν) is also called spectral irradiance, and it is obtained through
Fourier transformation of the interferogram following Eq 2.5:
R(ν) =
∫ ∞
−∞
I ′′(ζ)e−i2piνζ dζ . (2.5)
One main correction should be made at this step on the combined intensity is
the optical path difference. In a “real” measurement, the moving mirror is capable
of translating a few meters, and therefore, the corrected combined intensity, I ′′(ζ),
is limited to the optical path difference with integral range of [−x,+x]. In order
to correct for this problem and fully calculate the total spectral irradiance, S(ν),
apodization function, W (x), is used as the following:
S(ν) =
∫ ∞
0
W (x) R(ζ) cos(2piνζ(x)) dx, (2.6)
in which, Sinc function can be adopted as an apodization function.
2.2 Bruker IFS 125 HR
The 125HR Fourier-transform spectrometer is basically a Michelson interferometer
with resolution 1 better than 0.001 cm−1, with broad spectral range from 5cm-1
in the far-IR to ∼50,000 cm−1 in the UV 2 . In the standard configuration, IFS
1The maximum optical depth difference (OPD) with Bruker 125 HR is 942 cm, and therefore,
the highest resolution could be ∼0.0009 cm−1 (R=1/OPD=1/942cm)
2IFS 125HR User Manual, 1st edition 2006, publication date April 2006
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Figure 2.2: Bruker IFS 125HR setup. Image credit: (Ferus, 2011).
125HR is equipped with a liquid N2-cooled MCT
3 detector system for MIR spectral
range ( 600–12000 cm−1) and high spectral sensitivity. The composition of the beam
splitters depends on the spectral range and is KBr, CaF2, or quartz. Fig. 2.2 illustrate
the fundamental components.
2.3 CH4 Rovibrational Spectroscopy
CH4 is a spherical top that belongs to with tetrahedral point group (Td), and it
has four vibrational modes (ν1, ν2, ν3, ν4). Td group includes A1, A2, E, F1, and F2
symmetry species, and transitions between A1 ←→ A2, E ←→ E, and F1 ←→ F2
are allowed. Since all three principle moment of inertia are are exactly equal, the
3MCT or Mercury-Cadmium-Telluride (HgCdTe) detector
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energy level of the spherical top can be expressed with the following simple equation
(Bernath, 1995):
Fv(J) = BvJ(J + 1)−DvJ2(J + 1)2, (2.7)
which it depends on the rotational quantum number J . B and D are the rotational
and centrifugal spectroscopic constants, and they both change with vibrational level
ν, and can be formulated as following:
Bv(J) = Be −
∑
αi(νi +
1
2
di), (2.8)
where, Be is the equilibrium rotational constant, α is the rotation-vibration constant,
and d related to the degeneracy of a spherical top, and may take values of 1, 2, or 3.
For instance, the ν3 vibrational mode arises from the triply degenerate asymmetric
C–H stretch of F2 to A1 rovibrational transitions, so d will be 3.
Note that each J level has (2J+1)-fold space degeneracy as well as (2J+1) de-
generacy resulted from K quantum number. However, this degeneracy is partially
removed due to the interaction of rotation and vibration, and their interaction with
electronic motions (Herzberg, 1945). In addition, F2 states experience first-order
Coriolis effect and split into three sets of rotational levels with energy as given here
(Bernath, 1995):
F+(J) = BJ(J + 1) + 2BζJ, (2.9)
F 0(J) = BJ(J + 1)− 2Bζ, (2.10)
F−(J) = BJ(J + 1)− 2Bζ(J + 1), (2.11)
where ζ is the magnitude for the vibrational angular momentum and has the range
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of -1 ≤ ζ ≤ +1. Figure 2.3 (adopted from Bernath (1995)) illustrate these spacing
between F+2 , F
0
2 , and F
−
2 rovibrational levels, and the possible transitions which
results in the P , Q, and R branches. In Chapter 4, the pressure-broadening data (i.e.,
Lorentzian linewidth and its temperature-dependence coefficients) of the P branch
is extracted. Figure 2.4 shows the rotation-vibration energy levels for this P branch
transitions. Due to Coriolis coupling, each transition with the same J quantum
number is a cluster of lines each is labelled by total rotational quantum number J ,
symmetry species C (i.e., A1, A2, E, F1, and F2), and “quantum index” N . The
N index represent an increment through energy levels that are a combination of
R, J , and C (Brown et al., 1992). The general selection rule for ν3 transitions is
∆J = ±1, 0 with ∆C 6= 0. Figure 2.5 represents this multiple transitions within the
same quantum number J .
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Figure 2.3: The CH4 ν3 P , Q, and R Rovibrational Transitions: The rotation-
vibrational transitions in the ν3 band occur from the ground state level with A1
symmetry (left) to the excited vibrational level with F−2 , F
0
2 , and F
+
2 symmetry for
R, Q, and P bands. Plot credit: (Bernath, 1995).
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Figure 2.4: The CH4 ν3 Rovibrational energy levels up to J=6: The rotation-
vibrational transitions in the ν3 band occur from the ground state level with A1
symmetry (left) to the excited vibrational level with F+2 symmetry. For detailed
discussion with energy levels up to higher J quantum number see Figure 38 from
Herzberg (1966).
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Figure 2.5: Example of the tetrahedral rovibrational transitions for CH4 ν3 band
for P (7) cluster lines (Gharib-Nezhad et al., 2019).
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Chapter 3
THE INFLUENCE OF H2O PRESSURE BROADENING IN HIGH-
METALLICITY EXOPLANET ATMOSPHERES
Permission to Reuse Content: “Authors do not need permission from AIP Publishing
to reuse your own AIP Publishing article in your thesis or dissertation”. This chapter
is reproduced from [E. Gharib-Nezhad, M.R. Line, The Astrophysical Journal 872
(1), 27], with the permission of AIP Publishing.
3.1 Abstract
Planet formation models suggest broad compositional diversity in the sub-Neptune
to super-Earth regime, with a high likelihood for large atmospheric metal content
(>100× Solar). With this comes the prevalence of numerous plausible bulk atmo-
spheric constituents including N2, CO2, H2O, CO, and CH4. Given this compositional
diversity there is a critical need to investigate the influence of the background gas on
the broadening of the molecular absorption cross sections and the subsequent influ-
ence on observed spectra. This broadening can become significant and the common
H2/He or “air” broadening assumptions are no longer appropriate. In this work, we
investigate the role of water self-broadening on the emission and transmission spectra
as well as on the vertical energy balance in representative sub-Neptune/super-Earth
atmospheres. We find that the choice of the broadener species can result in a 10s
of parts-per-million difference in the observed transmission and emission spectra and
can significantly alter the one-dimensional vertical temperature structure of the atmo-
sphere. Choosing the correct background broadener is critical to the proper modeling
and interpretation of transit spectra observations in high-metallicity regimes, espe-
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cially in the era of higher-precision telescopes such as James Webb Space Telescope.
3.2 Introduction
A primary goal of exoplanet science is the determination of basic planetary condi-
tions. Transit spectrophotometry observations of planetary atmospheres offer a win-
dow into fundamental quantities such as climate and composition (e.g., Madhusudhan
et al. (2016)). Determining atmospheric composition is a necessary requirement for
assessing the relative importance of various chemical processes (Moses, 2014) and
greatly assists in understanding planet formation by linking volatile inventory to pro-
toplanetary disk processes (Pollack et al., 1996; O¨berg et al., 2011; Madhusudhan
et al., 2014; Cridland et al., 2016; O¨berg et al., 2011; Mordasini et al., 2016).
One of the key findings of the Kepler Mission (Borucki et al., 1997) is that a
majority of exoplanets fall within this “warm sub-Neptune” regime (∼2–4 Earth
radius, T <1000 K) (Fressin et al., 2013; Batalha, 2014; Fulton et al., 2017). These
planets have been an intense area of focus for transit spectra observations with the
Hubble Space Telescope (HST) (Fraine et al., 2014; Knutson et al., 2014; Kreidberg
et al., 2014a). In addition, over the next decade they will serve as the link between
jovian worlds and terrestrial planets as well as being the most prolific population of
planets to be found by the Transiting Exoplanet Explorer Satellite (TESS, Sullivan
et al. (2015); Louie et al. (2018); Barclay et al. (2018); Kempton et al. (2018)).
Planet formation, interior structure, and atmospheric chemistry modeling (Fort-
ney et al., 2013; Moses et al., 2013; Lopez and Fortney, 2014) suggest extreme com-
positional diversity within this sub-population, with a high likelihood for large atmo-
spheric metallicities (>100× Solar). Given this potential for compositional diversity,
the assumption of “jovian-like” H2/He-dominated atmospheres may not always be
appropriate. Instead, with currently measured atmospheric metallicities reaching as
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high as ∼ 300–1000× solar (Line et al., 2014; Fraine et al., 2014; Kreidberg et al.,
2014b; Knutson et al., 2014; Morley et al., 2017), molecules such as H2O and CO2 will
become the dominant bulk constituents (Moses et al., 2013; Hu and Seager, 2014).
Along with this diversity in composition, comes with it numerous challenges in
atmospheric modeling, from chemical modeling (Hu and Seager, 2014) to cloud mi-
crophysics (Ohno and Okuzumi, 2018) to 3D climate modeling (Kataria et al., 2014).
Nearly all flavors of atmospheric modeling that aim to make observational predic-
tions require radiative transfer computations. A key necessary ingredient in radiative
transfer computations are the opacities, which for planets, are dominated by the
molecular absorption cross sections (hereafter, ACS (Mihalas, 1970)). The ACS of
a given molecule typically consist of billions of lines representing the ability of a
molecule to absorb or emit photons. Each line has its own linewidth (or broadening)
typically specified through the degree of thermal/Doppler and pressure broadening
(Goody and Yung, 1995). Pressure broadening is the net cumulative effect of interac-
tions between the absorbing molecule in question (e.g., H2O) and with its neighboring
molecules (or bath gases, e.g., H2, He) or by self broadening (H2O with itself). Much
exo-atmospheric relevant ACS focus, specifically broadening, has been jovian-centric
(e.g., H2/He dominated compositions and broadening Freedman et al. (2008); Ten-
nyson et al. (2016); Grimm and Heng (2015); Hedges and Madhusudhan (2016)) which
had been largely driven by the abundance of high fidelity “hot-Jupiter” observations
and carry over from brown dwarf modeling.
Exploration of pressure broadening assumptions in exo-atmospheres is not new
(e.g., Grimm and Heng (2015); Hedges and Madhusudhan (2016)). Hedges and Mad-
husudhan (2016) provide a comprehensive overview of the various pressure broadening
effects including resolution, line-wing cutoff, Doppler versus pressure, and more rele-
vant to our investigation, an initial look at the impact of a broadener choice. They
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too explore the impact of H2O versus H2 broadening on the H2O ACS, specifically
over HST wavelengths, and found that the band-averaged ACS can change up to an
order-of-magnitude. Our goal is to expand upon the work in Hedges and Madhusud-
han (2016) to not only determine the influence of H2O self broadening on the H2O
ACS, but also as a function of water fraction, and more importantly we quantitatively
assess the integrated effect that the broadener choice has on the observable spectra
as well as on the impact on the atmospheric vertical energy balance. This work is
crucial to the proper interpretation of transit spectra observations in high metallicity
regimes, expected of the sub-Neptune/Super-Earth population. In §5.2 we describe
our data sources and how we compute the ACS and the transmission/emission spec-
trum and self-consistent modeling approach. In §3.4 we compare the impact of H2O
self broadening with the standard H2/He broadening assumption. Finally, in §3.5 we
discuss the implications and future prospects. We also make our newly computed
water ACS grid for both broadeners publically available 1 .
3.3 Methods
In this initial investigation on the impact of non- H2/He foreign broadening on
transmission/emission spectra, we choose to focus on H2O because: 1) H2O is the most
prominent absorber in exoplanet spectra due to its large abundance over a range of
elemental compositions (Moses et al., 2013) and multiple strong absorption bands
from the optical to far infrared wavelengths and 2) it shows the largest sensitivity
to choice of broadener when compared to other species (a factor of ∼7 increase in
broadening when compared to H2/He, Table 3.1).
The fundamental approach here is to compute the H2O ACS being under different
1https://doi.org/10.5281/zenodo.2459971
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Table 3.1: Lorentzian half-width coefficients γL [cm
−1/bar] for relevant broadeners.
The focus of this work is on influence H2O self and H2/He broadening on the H2O
absorption cross sections (bold).
Absorber Broadener γL γ
H2/He
L
†
Ref.
H2O
Self †† 0.3 – 0.54 7× 1,2
H2/He
∗ 0.05 – 0.08 1× 1
CO2 0.15 – 0.20 3× 1
air 0.08 – 0.1 1.5× 1
CH4
Self 0.06 – 0.09 1.5× 3
H2/He 0.05 – 0.08 1× 4
H2O 0.06 – 0.09 1.5× 5
CO2 0.07 – 0.09 1.5× 6
air 0.02 – 0.07 1× 3
CO2
Self 0.08 – 0.12 1× 7
H2/He 0.09 – 0.12 1× 8
H2O 0.10 – 0.14 1.25× 9
air 0.05 – 0.08 0.5× 7
CO
Self 0.04 – 0.09 1× 10
H2/He 0.04 – 0.08 1× 10
H2O 0.07 – 0.1 1.5× 11
CO2 0.07 – 0.1 1.5× 11
air 0.05 – 0.07 1× 12
† Relative to the average value of γL of absorber@@[H2+He] e.g., H2O@[H2+He].
†† Denoted by H2O@[self] in the text and figures.
∗ Denoted by H2O@[H2+He] in the text and figures.
Refs.: 1 (Brown et al., 2005), 2 (Ptashnik et al., 2016), 3(Smith et al., 2014), 4(Pine and Gabard,
2003),5(Delahaye et al., 2016b), 6(Lyulin et al., 2014), 7(Devi et al., 2016), 8 (Padmanabhan et al.,
2014), 9(Delahaye et al., 2016a), 10(Devi et al., 2002), 11(Hartmann et al., 1988) ,12(Malathy Devi
et al., 2012), and also data extracted from Refs. in Table 3 of (Hartmann et al., 2018) and from
(Gordon et al., 2017).
end-member scenarios, with the first the standard “Jovian-like” H2/He broadening
(H2O@[H2+He])) and the second, pure H2O broadening (H2O@[self]), which would
be more appropriate for high metallicity or all steam atmospheres. We would then
like to determine the spectral differences between H2/He and self broadening of H2O
in high metallicity/all steam atmospheres.
The computation of absorption cross-sections relies upon the following input data:
the rotation-vibration-electronic transitions, the molecular electronic energy states,
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and pressure-broadening coefficients (Barton et al., 2017). The aggregation of these
data are often referred to as the “line-list”.
3.3.1 Line Lists
The completeness and the accuracy of H2O line list are essential, and they can
be determined either through high-level quantum mechanics calculations or through
spectroscopic laboratory measurements. The EXOMOL database contains the water
BT2 line list (including transitions and electronic state data) (Barber et al., 2006)
for T≤3000K, rotational quantum numbers (J) up to 50 and frequencies up to 30,000
cm−1; a trimmed version of this linelist is used in the HITEMP database (Rothman
et al., 2010). The NASA AMES line list (Partridge and Schwenke, 1997) is another
ab-initio source of water data which has more accurate line positions than BT2 but
less complete. Recently, there has been an attempt to improve the BT2 linelist
by refining the potential energy surfaces which resulted in raising J up to 72 and
frequencies up to 40,000 cm−1 (Polyansky et al., 2016). The pressure-broadening
data provided by EXOMOL for H2O are limited to H2 and He. Complimentary to ab
initio studies, laboratory data integrated into the HITRAN database (Rothman et al.,
1998) leverages high-resolution spectrometers to provide precision line positions and
intensities. However, experimental HITRAN/HITEMP ACS data are mostly limited
to the earth-like environmental conditions (i.e., T<350K, P<1 bar) with the dominant
background broadener being “air-” (N2/O2) and self-broadening (see Wilzewski et al.
(2016) recent improvements).
There is a clear gap in exoplanet relevant ACS, lying between the low temper-
ature air broadening provided by HITRAN (applicable to temperature terrestrial
planetary atmospheres), and the high temperature H2/He broadening given by EX-
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OMOL (applicable to H/He dominated Jovian-like worlds). The high metallicity
warm-(sub)Neptune/super-Earth sub population of exoplanets occupies a composi-
tional regime between these two: neither pure H2/He nor pure “air”. While the raw
line data exists to compute these cross-sections, this has yet to be done. For instance,
EXOMOL has generated H2O@[H2+He] ACS using the BT2 linelist for wavenumber
ranges 100–30,000 cm−1; however their line-wing cut-off is not sufficiently large to
accurately compute the ACS data in spectral range of ∼100–1500 cm−1 (∼6.7–100)
(Barton et al., 2017). HITRAN/HITEMP do not provide the ACS of H2O@[self]. Be-
low we describe how we compute our own ACS taking into account the composition
dependent broadening.
3.3.2 Computation of Pressure-Broadened H2
16O Absorption Cross Sections
Molecules in the outermost layer of a given atmosphere (where P < 10−6 bar) ex-
perience a negligible amount of interactions with their neighboring atoms or molecules
due to the low collisional frequency and large collisional frequency (see results sec-
tion by (Lyons et al., 2018a)). In this environment, Doppler broadening will be the
dominant effect which forms the spectral line shape and will depend on the molecular
mass, temperature, and spectral line position. Absorbing molecules start to collide
and interact with background molecules more frequently as pressure increases in the
lower layers in the atmosphere. These pressure broadening interactions will increase
as the pressure goes above ∼10−4 bar, and will become the dominant broadening
effect at P > 10−1 bar. The pressure broadening line profile can be represented effec-
tively through Lorentzian line shape and the associated Lorentzian linewidth ΓL will
be calculated through Eq. (1):
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ΓL =
∑
b
(T/Tref )
−nbT γbL Pb (3.1)
where ΓbL is the Lorentzian coefficient, Pb is the broadeners partial pressure, Tref is
the reference temperature (i.e., 296K), nbT is the temperature-dependence coefficient,
and index b represents the dependency of these parameters on the broadener (e.g.,
H2, He, H2O) (Hedges and Madhusudhan, 2016). Kinetic theory predicts the n
b
T =
0.5. In a typical broadened ACS spectra, both Doppler- and pressure-broadening line
profiles convolve to generate Voigt profile, and the Voigt linewidth ΓV (Olivero and
Longbothum, 1977) is represented with Eq. (2):
ΓV = 0.5346 ΓL +
√
0.2166 Γ2L + Γ
2
G (3.2)
where ΓG is the Doppler linewidth. In this study, the pressure-broadened H2O ACS
data are computed for two set of broadeners: 1) 85% H2 and 15% He using the J-
dependent pressure coefficients provided the by EXOMOL group (Barton et al., 2017),
and 2) 100% H2O using the average value of available experimental self broadening
coefficients as J-independent data (Ptashnik et al., 2016). The water BT2 linelist
(Barber et al., 2006) is inputed into the EXOCROSS script 2 (Yurchenko et al.,
2018) to model the full Voigt profile (Huml´ıcˇek, 1979) of every single line between
100–30,0000 cm−1 over a grid of applicable temperatures and pressures (Table 3.2).
The spectral sampling resolution is optimized as a function of temperature, pressure,
and spectral sub-divisions in such a way as to fully resolve the individual lines with-
out undue computational burden (Table 3.2). Figure 3.1 illustrates the comparision
between our adaptive resolution (see Table 3.2 i.e. 1 sampling point per half width:
1/ΓV or 2 sampling points per half width: 2/ΓV ) with ultra high sampling of 6 points
2https://github.com/Trovemaster/exocross
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per half width (6/ΓV ) and with the EXOMOL computed ACS
3 for H2O@[H2+He]
for P= 10−3 bar and T=400K.
3.3.3 Modeling the Impact on Transmission/Emission Spectra of Transiting
Exoplanets
To assess the signifigance of the broadener assumption on exoplanet transmis-
sion/emission spectra, we use the CHIMERA (Line et al., 2013, 2014; Stevenson
et al., 2014; Kreidberg et al., 2015; Line and Parmentier, 2016; Kreidberg et al.,
2018) code with our newly generated ACS (converted to λ/∆λ=100 correlated-K
coefficients (Amundsen et al., 2016)) to model transit/eclipse spectra of a represen-
tative sub-Neptune like planet (GJ1214b (Harpsøe et al., 2013), Teq=500–900K).
We first generate forward model spectra using both sets of ACS (H2O@[self] and
H2O@[H2+He]) given a fixed temperature-pressure profile (TP, Guillot (2010) Eqs.
24, 49 ) 4 and either 100% H2O or 500×Solar metallicity assuming thermochemical
equilibrium molecular abundances 5 . Second, we compute a self-consistent radia-
tive equilibrium atmosphere 6 using the tools described in Arcangeli et al. (2018);
Mansfield et al. (2018); Kreidberg et al. (2018) to determine the impact of water
broadening on the vertical energy balance and, in turn, on the observed spectra. We
discuss our findings in the next section.
3http://exomol.com/data/data-types/xsec/H2O/1H2-16O/BT2/
4With κth = 3× 10−2 cm2/g, γ = 0.1, Teq=500, 700, 900K, Tint=0K
5NASA CEA2 (Gordon and McBride, 1994) with scaled solar (Lodders et al., 2009) abundances.
We include as opacities in this scenario H2/He broadened H2O, CH4, CO, CO2, NH3, H2S, Na, K,
HCN, C2H2, TiO, VO, PH3, and H2 H2/He CIA (Freedman et al., 2014a)
6Zero internal heat flux, PHOENIX stellar model for GJ1214, and an equilibrium temperature
of 550 K so as to keep temperatures at all layers within the valid cross section temperature range of
400–1500K
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Table 3.2: Grid and computational assumptions over which the H162 O cross sections
are computed. There are 270 T-P combinations and two broadener choices (H2+He
versus H2O). A variable wavenumber resolution is chosen to properly sample the
Voigt-widths at each given T-P pair. Finer sampling results in negligible differences
in the ACS.
ACS
Case 1: 85% H2 15% He
Case 2: 100% H2O
T(K)
400 425 475 500 575 650 725 800
900 1000 1100 1200 1300 1400 1500
P(bar)
10−6 3×10−6 10−5 3×10−5 10−4 3×10−4
10−3 3×10−3 10−2 3×10−2 10−1 3×10−1
1 3 10 30 100 300
Resolution∗
100 – 1000 cm−1 : 1/ΓV
1000 – 30000 cm−1 : 2/ΓV
Line wing cut-off†
P>1 bar: 300 cm−1
P≤1 bar: 100 cm−1
† The Lorentz wing shape may not be appropriate out at such distances (Freedman et al., 2008)
3.4 Results
3.4.1 Impact on Cross Sections
Figure 3.2 illustrates the effect of temperature, pressure, and water abundance
on the difference between @[self] and @[H2+He] broadened ACS near 6 . The top
panel shows how broadening changes with temperature at a fixed pressure of 1 mbar.
Differences are largest for cooler temperatures where pressure broadening becomes
more important. The middle panel illustrates the impact of different pressures at
a fixed temperature (725K). Even at low pressures (1 µbar) pressure broadening
differences are still present in the line wings. The bottom panel shows the effect
of varying water abundance on the combined @[self]+@[H2] broadening at a fixed
temperature and pressure (725K, 1 mbar). With pure self broadening, differences in
the line wings can approach an order of magnitude. For a ∼30% mole fraction of
water, the ACS is about 3–5× greater than pure hydrogen broadening. While not
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Figure 3.1: Absorption cross sections generated at 1 mbar, 400K comparing
@[self](Blue) and @[H2+He] (red) broadening computed in this work with the EX-
OMOL @[H2+He] (green) broadened spectra computed from Barton et al. (2017).
The top panel shows the full spectral range at this T-P combination. The bottom
panel shows a zoom in around 500 cm−1, and a further zoom in (inset) to illustrate
the influence of the sampling resolution. Our coarsest sampling resolution (1/ΓV , red
and blue dots) is high enough to adequately represent lines (when compared to the
6/ΓV used in Hedges and Madhusudhan (2016)) at these low pressures, temperatures,
and wavenumbers. Differences in sampling resolution are negligible when compared
to the influence of the broadener. Our line-wing cut-off for the H2O@[H2+He] ACS
(black/red) is larger than that used in Barton et al. (2017) (green), which results in
large differences in the wings.
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shown, these differences become larger at longer wavelengths and smaller at shorter
wavelengths due to the relative importance of Doppler-to-pressure broadening.
3.4.2 Direct Impact on Transmission/Emission Spectra
More practically, Figure 3.3 summarizes the key impact of @[H2+He] versus @[self]
broadening on the emission (top row) and transmission (bottom row) spectra of a
typical sub-Neptune under the assumption of a pure steam atmosphere (left column)
and a 500×Solar metallicity 7 scenario (right column). Overall, we find that the
relative differences (∆[ppm] 8 in the bottom panels in Figure 3.3a,b,c, and d) are
quite large, 10s to 100s of ppm. These differences are well within the detectable range
of both HST (Kreidberg et al., 2014a), and certainly the James Webb Space Telescope
(JWST, e.g., Greene et al. (2016); Bean et al. (2018)), especially for the anticipated
windfall of such planets around bright stars (Sullivan et al., 2015).
In the all-steam atmospheres, emission differences (Figure 3.3a) are largest in the
window regions (∼ 4µm, ∼ 10µm ). The increased flux for the @[H2+He] broadened
ACS is because of the lower opacity, permitting flux from deeper, hotter layers to
emerge (for a fixed TP). The increased opacity due to the @[self] broadening obscures
the deeper/hotter layers, resulting in lowered fluxes at those wavelengths. These
differences are, of course, strongly dependent upon the temperature structure within
in the atmosphere. As these spectra assume a fixed TP there is a difference in net
radiated flux, which will most certainly have an influence on the radiative balance
and thermal structure in the atmosphere, as discussed in §3.4.3.
7While the water mixing ratio is only ∼10–20% for these conditions, we still use the pure @[self]-
broadened water ACS as it is still a more accurate approximation than pure @[H2+He] broadening
8Computed by first subtracting the “mean” spectrum from each, and then taking the difference
between @[H2+He] and @[self]
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Transmission spectra tell a similar, albeit less dramatic story with relative dif-
ferences of ∼60 ppm across shown wavelength range. The “linear-like” slope in the
differences with wavelength is due to the frequency dependence of Doppler-to-pressure
broadening.
The effects at high metallicity (500×Solar, Figure 3.3, right column) are less
extreme (10’s of ppm) due to the reduced abundance of H2O (10 – 20%) and the
significant abundances of additional opacity sources (mainly CO2, CO, CH4, and
H2/He). Furthermore, due to the reduced impact of H2O@[self] broadening (Figure
3.2), we expect an approximate (comparing 1 mbar line wings) reduction of 3–5× to
∼< 10ppm in the transmission spectra.
3.4.3 Impact on Self-Consistent 1D Atmosphere
Figure 3.4 shows the impact of self broadening on the 1D radiative balance
(and subsequent observational effects) of a ∼550K planet under the all steam and
500×Solar scenarios. The @[self] broadening results in ∼100-180K hotter temper-
atures below the ∼1 mbar level and ∼60K cooler above for the all steam scenario
(Figure 3.4a). More intuitively, the increased @[self] mean opacity “shifts” the aver-
aged thermal “τ=1” level to a ∼ 3× lower pressure in the all steam scenario. This
shift is readily seen in the band averaged contribution functions (Figure 3.4a). A
similar, but lesser, effect is seen in the 500×Solar metallicity scenario (up to ∼ 70K)
because the water abundance is lower by a factor of ∼ 5 (Figure 3.4b). The radia-
tive response of the TP to the integrated flux differences (up to 40% for steam and
10% for 500×Solar, green versus red curves in Figure 3.4c,d ) between the @[self]
versus @[H2+He] acts to reduce the emission spectrum differences, however, to a still
detectable 10s of ppm (Figure 3.4c,d).
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The transmission spectra (Figure 3.4e,f) show comparable differences (30–40 ppm)
to the 500 K scenario from Figure 3.3c,d. However, there are now two effects taking
place that create the transmission differences. The first is the scale height effect due
to the differences in the TP (@[H2+He]-@[self], H2O TP), and the second, as before, is
the broadening difference. Both effects contribute equally to the overall differences in
the transmission spectra. Despite the self-consistent adjustment of the TP, differences
in both emission and transmission are still above detectable levels (10’s of ppm)
3.5 Conclusions
The determination of unbiased exoplanet atmosphere properties (e.g., temper-
atures and abundances) from their spectra necessarily requires a full accounting of
potential model inadequacies. The aim of this work was to assess the role of the back-
ground gas broadener under plausible bulk Super-Earth/(sub)Neptune atmospheric
compositions. Specifically, we focused on the differences between the typically as-
sumed H2/He broadening and water self broadening on the water vapor absorption
cross sections.
From our analysis we arrive at the following key points:
• Absorption cross section differences between water self and the standard as-
sumed H2/He broadening are up to an order of magnitude in the pressure broad-
ened line wings (similar to Hedges and Madhusudhan (2016)), and is noticeable
over a range of applicable temperatures and pressures.
• The influence of self broadening is composition dependent and non-linear, with
∼half of the difference achieved by water mole fractions of∼30% for a represen-
tative temperature and pressure.
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• Transmission and emission spectra differences for representative sub-Neptune
atmospheres range between a few 10’s of ppm up to 100’s of ppm, depending
upon wavelength, temperature, and water abundance. These differences are
not negligible considering currently achieved HST precisions of ∼15 ppm and
possible precisions as low as a few ppm for JWST. Differences will vary de-
pending upon additional parameters like temperature gradient (for emission),
planet-to-star radius ratio, and scale height. The wavelength dependence of
these differences are unlikely to be mimicked by other atmospheric processes.
• The assumption of water self broadening (or lack thereof) can have a significant
impact on the 1D vertical energy balance, with temperature differences of up
to 180K in pure steam atmospheres (or a half-a-decade lower pressure shift in
the emission levels) and 10’s of K in high metallicity atmospheres.
This work is certainly not an exhaustive exploration of all possible broadening
(Table 3.1) or planetary atmosphere conditions. However, it serves to illustrate that
the broadener composition can have a non-negligible impact on the observables and
continues to illustrate the importance and key role of laboratory data on planetary
atmosphere modeling. (Fortney et al., 2016)
3.6 Supplementary data
The computed pressure-broadened H2O absorption cross-section (ACS) data for
both self-broadening (or H2O@[self]) and H2/He (or H2O@[85%H2 + 15%He]) are
publicly available at https://doi.org/10.5281/zenodo.2459971 (see Table 3.2 for more
details).
36
3.7 Acknowledgements
EGN and MRL thank J. Lyons, A. Heays, R. Freedman, M. Marley, J. Fortney, P.
Mollie`re, L. Pino and the Arizona State University exoplanet group for many useful
discussions. We especially thank S. Yurchenko for invaluable assistance with the
EXOCROSS code. In addition, EGN and MRL acknowledge Research Computing
9 at Arizona State University for providing HPC and storage resources that have
contributed to the research results reported within this paper. MRL acknowledges
support from NASA grant NNX17AB56G and NSF grant AST-1615220. This work
benefited from numerous conversations at the 2018 Exoplanet Summer Program in
the Other Worlds Laboratory (OWL) at the University of California, Santa Cruz, a
program funded by the Heising-Simons Foundation. Finally, we thank the anonymous
referee for their thoughtful review.
9http://www.researchcomputing.asu.edu
37
Pressure Effect
Water Partial Pressure Effect
Temperature Effect
Figure 3.2: Illustration of the impact of @[self] (blue) versus @[H2+He] (red) on the
absorption cross sections near 6µm. The top panel shows the influence of temperature
on the broadening difference at a fixed represantative pressure of 1 mbar. At 1200K
(1 mbar) the lines are purely Doppler broadened resulting in little effect. The middle
panel shows the influence of pressure at a fixed temperature. The Doppler cores are
negligible by 1 bar. The bottom panel shows the impact of the relative weighting of
self versus H2 broadening (e.g., composition dependence) at a fixed temperature and
pressure. Absorption cross section differences are largest in the pressure-broadened
line wings, with pure @[self] typically 1 order of magnitude larger. A factor of 5
in broadening difference occurs by the time the relative abundance of water reaches
∼30%. In general, @[self] broadening becomes more important at higher pressures,
cooler temperatures, and longer wavelengths due to the increased prominence of pres-
sure broadening over Doppler broadening.
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a b
c d
Pure Steam 500 x Solar
Figure 3.3: Effect of water self broadening (@[self], blue) compared to the standard
H2/He broadening (@[H2+He], red) on pure steam (left column: a,c) and high metal-
licity (500× solar-right column: b,d) atmospheres with equilibrium temperatures of
500, 700, and 900K. The top row (a,b) compares emission spectra and the bottom
row shows relative transmission spectrum differences (c,d). The bottom panel in each
shows the relative spectral difference between @[H2+He](red) and @[self] (blue) spec-
tra (i.e., indicated by ∆) in part-per-million (ppm). Differences range anywhere from
a few 10s to a few 100s of ppm and show a strong wavelength dependence.
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Pure Steam 500 x Solara b
c d
e f
Figure 3.4: Comparison of the @[self] (blue) versus @[H2+He] (red) broadening in self-
consistent 1D thermochemical-radiative-equilibrium atmospheres for all steam (left column: a,c,e)
and 500×solar (right column: b,d,f) composition. The top row (a,b) shows the derived radiative-
equilibrium TP under each scenario. Thermal emission contribution functions averaged over rep-
resentative bands (Cont. Func. 5–8, and 3.5–4.3 µm) for each broadening scenario are shown in
(a). Subplot (b) shows the thermochemical equilibrium mixing ratios along the @[self] TP for select
species. Temperature differences can be up to 175K (20%) in the pure steam scenario and up to
70K in the 500×Solar scenario. The second row (c,d) shows the resultant secondary eclipse spectra
and their differences below (∆). An additional emission spectrum (@[H2+He], @[self] TP-green), is
shown in (c) and (d) assuming the same TP as the @[self] scenario in order to decouple the effects
of the radiatively adjusted TP from the broadening differences. The last row (e,f) shows the result-
ing cloud free transmission spectra and relative differences. An additional transmission spectrum
(@[H2+He], @[self] TP-green), is shown in (e) and (f) assuming the same TP as the @[self] scenario
in order to decouple the effects of the broadening and scale height change due to TP variation.
Spectral differences are on the order of 30-40 ppm in transmission but are much less in emission
(∼60 ppm) when compared to Figure 3.3a,b due to the radiative adjustment of the TP.
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Chapter 4
H2-INDUCED PRESSURE BROADENING AND PRESSURE SHIFT IN THE
P -BRANCH OF THE ν3 BAND OF CH4 FROM 300 TO 700 K
4.1 Abstract
For accurate modelling of observations of exoplanet atmospheres, quantification
of the pressure broadening of infrared absorption lines for and by a variety of gases
at elevated temperatures is needed. High-resolution high-temperature H2-pressure-
broadened spectra are recorded for the CH4 ν3-band P -branch. Measured linewidths
for 116 transitions between 2840 and 3000 cm−1 with temperature and pressures
ranging between 300 and 700 K, and 10 and 933 Torr, respectively, were used to find
rotation- and tetrahedral-symmetry-dependent coefficients for pressure and temper-
ature broadening and pressure-induced lineshifts. The new pressure-broadening data
will be useful in radiative-transfer models for retrieving the properties of observed
expolanet atmospheres.
4.2 Introduction
Methane (CH4) has been observed in the infrared spectra of different solar-system at-
mospheres including those of terrestrial planets (e.g., on the surface of Mars (Krasnopol-
sky et al., 2004; Lyons et al., 2005)), Jovian planets (e.g., Jupiter, Saturn, Uranus
(Orton et al., 2014b,a)), and Titan (Atreya et al., 2003; Lodders, 2010). The abun-
dance of CH4 is also important in constraint understanding the C/O ratio in the
atmospheres of brown dwarfs and exoplanets, as well as understanding their forma-
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tion history (Marley and Robinson, 2015; Fortney, 2012). Because the thermochemi-
cally dominant carbon-bearing molecule at T>1200 K is CO and at T<800 K is CH4
(Lodders, 2010), their mixing ratios with CO2 are used as a temperature probe and
to determine super-Earths/sub-Neptune metallicities (Venot et al., 2014; Kreidberg
et al., 2018). Moreover, CH4 near-infrared (NIR) spectra are an important tool for
classifying brown dwarf types (e.g., T-dwarfs (Burgasser et al., 2006)). Despite ex-
tensive endeavors to model the chemical composition of exoplanetary atmospheres by
means of radiative transfer modeling (i.e., transmission and emission exoplanetary
spectra (Line et al., 2011; Kreidberg et al., 2018; Swain et al., 2010)), a proposed de-
tection of CH4 is still under debate (De´sert et al., 2009). Additionally, high-resolution
Earth-based searches of methane through the cross-correlation technique have been
unsuccessful (Wang et al., 2018a). However, it has been argued thermochemically
that CH4 is one of the main absorbers in super-Earth to sub-Neptune atmospheres
(Moses et al., 2013). H2 is the major broadening molecule (or perturber) in these
exoplanetary atmospheres, and therefore, the accuracy of radiative transfer mod-
eling, particularly for the cross-correlation technique (see section 3.5 in (Brogi and
Line, 2019)), relies strongly upon the accuracy and completeness of CH4 spectroscopic
data including rovibrational transitions and pressure-broadening coefficients appro-
priate for high-temperature and H2-dominated atmospheres (Freedman et al., 2014b;
Gharib-Nezhad and Line, 2019a). Accurate quantification of pressure-broadening
coefficients at room- and high-temperature is fundamental because they influence
the absorption cross-section data and, therefore, the modeled exoplanet atmospheric
spectra (Gharib-Nezhad and Line, 2019a; Fortney et al., 2019).
Methane is a tetrahedral molecule with five symmetry species: A1, A2, E, F1, and
F2. The ν3 fundamental band arises from asymmetric C–H stretching (see chapter
7 in (Bernath, 2005)). Given the relevance of CH4 infrared (IR) absorption and
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emission in the study of brown dwarfs and planetary/exoplanetary atmospheres, many
experimental and theoretical studies recorded or computed the relevant rovibrational
transitions. High-resolution IR spectra of CH4 have been recorded at both room
(Albert et al., 2009; Campargue et al., 2013) and high temperatures (Wong et al.,
2019; Hargreaves et al., 2015; Nassar and Bernath, 2003; Perrin and Soufiani, 2007;
Hargreaves et al., 2012; Thie´vin et al., 2008). Additionally, several ab-initio studies
have computed the CH4 rovibrational transitions (Wong et al., 2019; Ba et al., 2013;
Nikitin et al., 2015; Rey et al., 2017, 2018).
Since the 1980s, several laboratory measurements of the pressure-broadening of
CH4 by various broadeners (hereafter referred to as absorber@[broadener], e.g., CH4@[H2])
at room temperature have been made. Non-Voigt pressure-broadening coefficients of
the CH4@[H2, N2, Ar, or He] ν3 band Q branch were analyzed using a laser spectrom-
eter at high resolution (Pine, 1992; Pine and Gabard, 2003) and showed a strong de-
pendency of linewidths on broadener and total angular-momentum quantum number,
J . In addition, the measured linewidths are dependent on the tetrahedral symmetry
species (i.e., A1, A2, E, F1, F2). The R-branch of the 3ν3 overtone (∼ 9000 cm−1) of
CH4@[H2] was measured up to Jlower = J
′′=6 by Fourier transform spectroscopy with
0.01 cm−1 spectral resolution (Fox and Jennings, 1985; Fox et al., 1988).
Several studies have used quantum or semi-classical approaches to calculate, pre-
dict, and explain pressure broadening of CH4 in different broadeners (or perturbers)
(Hartmann et al., 2018). Anderson theory, for instance, utilizes a perturbation ap-
proach to compute the line broadening and their temperature-dependence coefficients
through electrostatic interactions (Anderson, 1949; Frost, 1976; Tejwani and Varanasi,
1971). However, it was shown later that electrostatic forces are not able to explain the
broadening for some perturbers such as O2 and N2 (Devi et al., 1983). In comparison,
Robert-Bonamy theory (Gabard, 2013) was used to show the atom-atom potential
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energy is the main cause of collisional broadening for these species (Neshyba et al.,
1994).
To the best of our knowledge, there are no measurements of CH4@[H2] (or any
other broadeners) at T> 315 K. Measurements for temperatures between 200 and
300 K show the temperature-dependence coefficient (nγ, see section 4.5.2) of the ν3
band of CH4@[Air] and CH4@[N2] is 0.6 – 1.0 (Varanasi, 1975) and 0.94–0.97 (Devi
et al., 1983), respectively. For the ν4 band of CH4@[Air] and CH4@[N2], nγ is 0.5
– 0.8 (Smith et al., 1992). A complete list of literature regarding measurement of
temperature-dependence coefficients is reported in Table 4.5.
For this study, we used Fourier-transform infrared spectroscopy (FTIR) to record
rovibrational lines of CH4@[H2] in the P branch of the ν3 band over the tempera-
ture range 300–700 K (Sec. 4.3). Then, using a least-squares fitting analysis, the
Lorentzian linewidth (γL) and temperature-dependence coefficients (nγ) are deter-
mined for J ′′= 2 – 17 (Sec. 4.4). The dependency of the Lorentzian coefficients
on total quantum number J ′′ and the tetrahedral symmetry species is discussed in
Sec. 4.5.
4.3 Experimental details
4.3.1 Instrumental Setup
All spectra in this study were recorded with a Bruker 125HR infrared Fourier-
transform spectrometer located at the Advanced Light Source (ALS) of the Lawrence
Berkeley National Laboratory (LBNL). As shown in Fig. 4.1, the evacuated sample
chamber in this model of spectrometer is located between the beam splitter and
detector. In this case, the thermal IR emission from the heated sample gas cells does
not contribute to the recorded interferogram, and no post-analysis correction for the
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cell emission is required in comparison with other studies in which the heated cell was
placed at the entrance to the spectrometer (e.g., Ref. (Hargreaves et al., 2015)). For
measurements at high temperature, we designed a sealed monolithic gas cell. Due
to its high transmittance over a spectral range of 2750–3250 cm−1 and high melting
point, the whole gas cell and spectral windows are fabricated from fused quartz.
Fixed Mirror
Moving 
Mirror
IR Source
Sample
Beam
splitter
Detector
Heat
tape
Filter
Thermal 
Emission
Figure 4.1: Schematic view of the Bruker 125HR IFS spectrometer: both the sample
gas cell and the heat tape are located inside the evacuated sample compartment. The
infrared emission from the gas cell does not contribute to the interferogram, and the
AC-copuled detector also automatically eliminates infrared emission of the gas cell.
Additionally, fused silica and Ge filters were used between sample and detector to
prevent detector saturation.
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Figure 4.2: The measured spectrum of the CH4 ν3 band: PCH4=1.1 Torr and
PH2=100.0 Torr. The strong lines (J
′′=0–17) belong to the ν3 band consisting of
P , Q, and R branches. Weak lines belong to ν3 +ν4−ν4 and ν2 +ν3 +ν2 combination
bands.
4.3.2 Recorded Spectra
We recorded spectra for temperatures 300, 500 and 700 K and over a pressure
range of ∼0.8 – 7.0 Torr for CH4 gas and ∼10 – 933 Torr (0.013–1.2 atm) of H2
broadening gas. In total, four quartz gas cells with a path length of 10±0.2 cm were
used in these measurements. Different amounts of CH4 and H2 gases were inserted
in each tube at room temperature and then the port was sealed. After sealing the
gas cell at room temperature with known number densities of CH4 and H2, FTIR
transmittance spectra of each tube were recorded at three different temperatures:
300, 500, 700 K. Table 4.1 reports the experimental conditions in detail.
Overall, 12 different spectra of CH4 were recorded at various resolutions. Fig-
ure 4.2 represents an overview of spectrum #4 (i.e., PCH4=1.1 Torr and PH2=100.0
Torr), which encompasses P , Q, and R branches up to J ′′=17. In addition, each
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Table 4.1: Experimental conditions and characteristics of the spectra.
Parameter Value
Spectral coverage 2800 – 3200 cm−1
Temperature range 300 – 700 K
CH4 pressure 0.8 – 7.0 Torr
H2 pressure 10.0 – 933.3 Torr
Cells path length 10.0±0.2 cm
Number of averaged scans 100 – 400
Gas cell material/windows Quartz (SiO2)
Gas cell transmission range 2750 – 3250 cm−1
Light source SiC Globar
Beam splitter KBr
Detector MCT LN2
Filter fused silica and Ge
Spectral resolution (cm−1) 0.01 – 0.005
Apodization function Box-car
J ′′ consists of a cluster of transitions with various symmetry species and N quantum
index 1 . Figure 4.3 illustrates the modeled spectra for P (7) transitions. The elevated
temperature gas pressures, PCH4 and PH2 , were then calculated using the ideal gas
law. Table 4.2 lists the resolution, number of scans, and the PCH4 and PH2 values for
all measurements. Spectrum #1 was used to measure the unbroadened Doppler-width
and intensity of each line.
The decomposition of CH4 is an important issue for high-temperature measure-
ments (Guret et al., 1997). To decrease the potential for loss of CH4, we added 10
Torr of H2 into the first gas cell at room temperature. The main product of CH4 +
CH4 bimolecular dissociation in the absence of H2 is CH3, but in the presence of H2
gas as a third-body component, CH4 will reform. In other words, H2 gas will decrease
the amount of decomposition by increasing the back reaction. Additionally, 10 Torr
of H2 has a negligible pressure-broadening effect. The volume mixing ratios of these
1The CH4 energy levels are labelled by different quantum numbers such as J and C (tetrahedral
symmetry), and N (quantum index) defined in Brown et al. (1992).
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Table 4.2: Summary of the experimental conditions
# Tube T [K] R†[cm−1] Scan‡ PCH4 [Torr] PH2 [Torr]
1 1 300 0.005 400 0.8 10.0
2 1 500 0.005 200 1.3 16.7
3 1 700 0.005 200 1.9 23.3
4 2 300 0.01 150 1.1 100.0
5 2 500 0.01 100 1.8 166.7
6 2 700 0.01 100 2.6 233.3
7 3 300 0.01 200 2.2 200.0
8 3 500 0.01 200 3.7 333.3
9 3 700 0.01 200 5.1 466.7
10 4 300 0.02 100 3.0 400.0
11 4 500 0.02 100 5.0 666.7
12 4 700 0.02 100 7.0 933.3
Tube lengths are 10.3, 9.8, 10.2, and 9.9 cm, respectively.
†Spectral resolution.
‡Number of scans averaged.
gases can be calculated through minimizing Gibbs free energy which is dependent
on the temperature, pressure, and gas concentrations. Therefore, we used the online
thermodynamical simulator 2 to calculate the fraction of decomposition of pure CH4
at different temperatures and pressures. Table 4.3 (case 1) represents the thermody-
namic mixing ratios of 0.8 Torr of pure CH4. Note that these calculations are done up
to 900 K while the maximum laboratory temperature in this work is 700 K. Thermal
decomposition of pure CH4 is predicted to occur for temperatures 700 K and above
but is suppressed by the mixture of a small amount of H2. Ultimately, no significant
decrease of the CH4 column density was noted even at 700 K. In this study, the line
assignments and the line positions of CH4 were adopted from HITRAN2016 (Gordon
et al., 2017; Brown et al., 2013).
2http://navier.engr.colostate.edu/code/code-4/index.html
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Table 4.3: Predicted thermodynamic CH4 volume mixing ratios
†
T (K) CH4(%) H2(%) C2H2(%) C2H4(%)
Case 1: pure (100%) 0.8 Torr of CH4 at 300 K
‡
300 100 0.0 0.0 0.0
500 99.9 0.01 0.0 0.0
700 98.6 0.9 0.0 0.5
900 81.2 13.1 1.7 4.0
Case 2: 0.8 (7.4%) CH4 in 10.0 Torr (92.6%) H2 at 300 K
††
300 7.4 92.6 0.0 0.0
500 7.4 92.6 0.0 0.0
700 7.4 92.6 0.0 0.0
900 7.4 92.6 0.0 0.0
†These mixing ratios are calculated by minimizing the Gibbs free energy of an ideal gas mixture.
‡The reported pressure in each case is for 300 K. PH2 and PCH4 at high temperatures are calculated
using ideal gas law.
†† In this study, 10 Torr of H2 gas added in order to suppress the CH4 decomposition.
The CH4 and H2 gases were 99.99% and obtained from Matheson. The gas pres-
sure while filling the sample tubes was measured using two different MKS Baratron
pressure gauges (maximum range 100 and 1000 Torr). For controlling the tempera-
ture, heat tapes from BriskHeat company (Type BW0) were used. A thermocouple
connected to each gas cell was used in a feedback loop with the heat-tape controller
to maintain a constant temperature. Omega company states typical uncertainties
as 0.1% of the displayed reading for their digital readers. The uncertainty for type K
probes is estimated to be 0.75% (2.2 K at 300 K). Therefore, the overall uncertainty
is due to the probe, not the reader, and T is good to within ±2 K at the location
of the junction. There is a possibility of temperature nonuniformity in our gas cell.
We expect this effect to be small given the high heating-element coverage of the cell
excluding the transmitting windows but including its support structure, the small
size of the cell, and its vacuum environment. The uncertainty in the measurement of
PH2 and PCH4 is less than 0.5%, and is also negligible.
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Figure 4.3: Examples of recorded spectra showing the P (7) cluster of the ν3 band of
CH4 in a H2 bath gas: In this study, four quartz cells (I–IV) with different amounts
of PCH4 and PH2 (i.e., PCH4 (Torr) : PH2 (Torr) = 0.8:10, 1.1:100, 2.2:200, 3.0:400)
were used to record the FTIR transmittance spectra of CH4 in H2 at 300 K (blue),
500 K (black), and 700 K (red). Transitions with E symmetry are weaker than A1/A2
and F1/F2 symmetries for similar quantum number J . The measured resolution for
these 12 spectra varies from 0.005 cm−1 for the lowest pressure (panel I) to 0.02 cm−1
for the highest pressure (panel IV, 700 K). A least-squares fitting procedure with
Voigt line profiles was employed to model the spectra. The residual (Res) subpanels
represent difference between modeled and recorded spectra. In addition, we also find
lines from other bands such as 2ν2 and ν2 +ν4 bands; however, their S/N is not strong
enough for pressure-broadening analysis.
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4.4 Data Analysis
Our main goal is to extract pressure-induced broadening coefficients by modeling
all lines with Voigt line profiles. Lorentzian and temperature-dependence coefficients
for each rovibrational line are determined from linewidths extracted from spectra
#1–12 using a least-squares fitting method. The signal-to-noise ratio (S/N) is insuf-
ficiently high to justify modeling the spectra with non-Voigt profiles.
The negligibly pressure-broadened sample tube # 1 was analyzed first to deter-
mine the correct CH4 line assignments, wavenumber calibration, and the presence
of other CH4 bands and other contaminant species. Line strengths were determined
separately at each measured temperature. The highly-blended pressure-broadened
spectra were analyzed with line strengths fixed to their unbroadened values and line
widths and positions freely modified.
4.4.1 Continuum / Baseline Fitting
All CH4 spectra were converted from their interferograms with a Boxcar apodiza-
tion using the OPUS software 3 . The effect of instrumental broadening was modeled
using a custom fitting code as a sinc function (Bretzlaff and Bahder, 1986). The
background continuum is also modeled using cubic splines optimised during the least-
squares fitting procedure (Burden et al., 2011). Additionally, interference between the
two cell windows that affects the recorded spectra by introducing sinusoidal behavior
into the spectral continuum. We modeled this interference effect by employing two
sine functions scaling the modeled spectrum.
3www.bruker.com
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4.4.2 Line Position Corrections
Line assignments are determined from the recent version of HITRAN (Brown
et al., 2013; Gordon et al., 2017). All corresponding line positions from HITRAN were
input into the fitting code, and a global fit was made to calculate a single global shift
induced by any slight miscalibration of the spectrometer. Afterward, the calculated
shift was applied to our low pressure spectra (i.e., spectra #1–3 in Table 4.2). Later,
the corrected/shifted line positions from the low pressure spectra were used to fit high
pressure spectra (i.e., spectra #4–12 in Table 4.2), where pressure-induced lineshifts
were also evident.
4.4.3 Line Profiles
At very low pressure, the effect of collisions on molecular spectra is negligible.
However, molecular velocities are distributed according to the Maxwell–Boltzmann
statistics resulting in Doppler broadening (see chapter 1 at (Buldyreva et al., 2011)).
The Doppler half-width at half-maximum (HWHM) linewidth (ΓD) were individually
modeled using Gaussian line profile fG :
fG(ν − νij,ΓD) =
√
ln(2)
piΓ 2D
exp
(
− ln(2)(ν − νij)
2
Γ 2D
)
(4.1)
ΓD(T ) =
νij
c
√
2 ln(2)NAkBT
M
(4.2)
where M is the molar mass of the absorber molecule in grams, NA is the Avogadro
constant, kB is the Boltzmann constant, and νij is the line position or the energy gap
between quantum levels i and j in any arbitrary energy unit (e.g., cm−1). ΓD values for
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our various measurements are in the range 0.004 – 0.007 cm−1 given the dependence
of ΓD on the temperature and wavenumber. The natural radiative linewidth of the
CH4 ν3 band is ∼ 10−9 cm−1 (i.e., in the range of 10–100 Hz) (Jin et al., 1993), which
is fully negligible when fitting the spectra.
Since the intensity of each line is distributed as a result of pressure-broadening,
we increased the column density of CH4 when a high H2 pressure is present in order
to obtain optimal S/N ratios without saturating any lines. As a result of this change,
the modeled CH4 optical depth of high-pressure spectra (i.e., spectrum # 4–12) were
scaled up uniformly.
The Lorentzian HWHM linewidth ΓL and lineshift ΓL were fitted individually for
each line using the Lorentzian line profile fL:
fL(ν; νij,ΓL,∆L) =
1
pi
ΓL(p, T )
[ΓL(p, T )]2 + [ν − (νij + ∆L)]2 (4.3)
ΓL =
(
T
T0
)−nγ
γLPH2 (4.4)
∆L =
(
T
T0
)−nδ
δLPH2 (4.5)
in which γL (cm
−1/atm) and nT are the Lorentzian linewidth coefficient and its
temperature-dependence coefficient, respectively. δL (cm
−1/atm) and nδ are the
Lorentzian lineshift coefficient and its temperature-dependence coefficient, respec-
tively. T0 is a reference temperature, and it is set equal to 300 K. Note, all these
coefficients are dependent on the total rotational quantum number of J , tetrahedral
(Td) symmetry species, and the broadeners. The code computes the Voigt profile as
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the Faddeeva function. 4
The Lorentzian coefficients ΓL, extracted from the recorded spectra result from
the effect of PH2 collisional-induced broadening. The pressure-broadening from CH4
self broadening is negligible since PCH4 6 1.1%× PH2 . Regarding Dicke narrowing,
this effect becomes important at intermediate pressures or the Doppler–Lorentzian
transition region because Doppler broadening at low pressures and Lorentzian broad-
ening at high pressures mask the narrowing. For example, Pine (Pine, 1992) found the
largest discrepancy between Voigt and Rautian at 50 Torr H2, and a corresponding
5% difference in the derived γL for the two cases. This difference will be reduced by
about half at 100 Torr (the lowest pressure we use). Then our Lorentzian linewidths
fitted at 100 Torr may be underestimated by up to 3% (in comparison with random
fitting uncertainties of at 4% or more).
Other formulations for the temperature-dependence of Eq. 4.5 have been adopted
elsewhere (Smith et al., 1992). We use the most conventional single-parameter tem-
perature dependence formula above given the limited temperature sampling of our
data.
4.5 Results and Discussion
4.5.1 Pressure Broadening Coefficients: γL and nγ
After fitting all 12 spectra from 300 to 700 K, the Lorentzian HWHM (i.e., ΓL in
Eq. 4.4) is extracted for each tetrahedral rovibrational transition 5 . Then, the γL
and nγ coefficients are computed in three different ways: 1) for all lines individually
4http://ab-initio.mit.edu/wiki/index.php/FaddeevaPackage
5 Each tetrahedral transition is labelled by total rotational quantum number J , symmetry species
C, and quantum index N (Brown et al., 1992).
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including its own J , symmetry and N numbers, 2) averaged over lines with the
same J ′′ but different symmetry and N index (i.e., the multiplicity index), and 3)
all lines with the same J ′′ and symmetry but different N index were fitted. As a
sample fitting, Fig. 4.4 illustrates ΓL versus (T/300 K)
−nγPH2 for J
′′=7 and different
symmetry species (nγ is computed below). Figure 4.4 shows the fitted slope (i.e., γL)
of transitions with A1/A2 and F1/F2 is higher than for the E symmetry lines.
Figure 4.5(I–III) illustrates the trend of γL and nγ with J
′′. Figure 4.5(I) represents
γL and nγ fitted to all lines individually. At each J
′′ value, there is the scatter of
both γL and nγ coefficients which arise from the difference between Td symmetries, N
indexes, and random fitting errors. In the first analysis step, individual lines with the
same J, symmetry,N from all spectra were fitted to extract the γL and nγ coefficients
data. From this we determine the Lorentzian linewidth of each individual line as a
result of H2 collisional impact. Figures 4.4 and 4.5(I) as well as the supplementary
Table (S1) represent these results. The error bars shown in these figures and the
table uncertainties are due to the fitting uncertainties, noise, and the low signal-to-
noise of some lines. These line-by-line coefficients are the main outcome of this study
and they can be utilized in generating absorption cross-section (or opacity) data the
standard HITRAN code 6 or the NASA Ames Freedman’s code (Freedman et al.,
2014b; Freedman et al., 2008).
In contrast, if we average the coefficients for all lines with the same J ′′ value,
then γL and nγ coefficients fall in the range of 0.07–0.03 and 0.65–0.25, respectively
(see Fig. 4.5(II) and Table 4.4). In Table 4.4, the scatter of these coefficients are
mostly due to the scattering of lines with the same J ′′ but different symmetries and
N dependencies, as well as, the uncertainty in fitting the Lorentzian linewidths from
6i.e. HITRAN Application Programming Interface (HAPI) (Kochanov et al., 2016),
https://github.com/hitranonline/hapi
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the recorded spectra. Another motivation for this step is to provide data for opacity
codes which input only J-dependent pressure-broadening values such as the current
version of EXOCROSS code 7 (Yurchenko et al., 2018). Figure 4.5(II) shows that there
is a clear dependency of the Lorentzian coefficient and its temperature-dependence
with (γL and nγ) on J . This data are also presented in Table 4.4, and the range of
scatter for each one is shown as a range of γminL –γ
max
L and n
min
γ –n
max
γ . According to
the Anderson collisional theory (Anderson, 1949), the nγ coefficient is expected to be
0.5; however, our analysis shows that nγ coefficients deviate from this value by up to
30%. We also find that γL and nγ decrease by 25% and 80% , respectively, between
J ′′=2 and 17 in agreement with the trend calculated by Neshyba et al. (1994) and
Gabard (2013).
Next, we grouped the lines with similar symmetries, and extracted the Lorentzian
coefficients from each group. Figure 4.5(III) shows the symmetry-dependence of γL
and nγ. The bars shown in this figure are due to the uncertainty in fitting this data
(similar to Fig. 4.5(III)) and also the scatter imposed by different values of the N
quantum index. It should be noted that only some symmetry-J combinations have
multiple N values. Therefore, two kinds of uncertainties are shown in Table 4.7:
statistical fitting uncertainties for singular-N values, and the range of scatter for
values averaged over mutiple N transitions. In general, within each J manifold,
E-lines are the weakest and also have the narrowest Lorentzian linewidth ΓL. In
contrast, lines with A1/A2 and F1/F2 symmetries are generally the strongest, and
have the broadest linewidth.
7https://github.com/Trovemaster/exocross
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Figure 4.4: Lorentzian linewidth ΓL versus (T/T0)
−nγ PH2 for all transitions with
J ′′=7: This plot shows that the Lorentzian coefficients are strongly dependent to the
Td symmetry, and in most cases, γL for E symmetry is smaller than A1/A2 or F1/F2
symmetries. Each point has its own error bar, which represents the uncertainly
in fitting the ΓL linewidths. In addition, there are multiple lines with different N -
index for the A1/A2 and F1/F2 symmetries. Where error bars are not visible, the
uncertainties are smaller than the symbol size.
Following the complex Robert-Bonamy theory (Robert and Bonamy, 1979), Neshyba
et al. (1994) calculated the impact of electrostatic and atom-atom intermolecular po-
tential on the line broadening and line shift of the CH4@[N2] system. They found that
the atom–atom potential component is the main reason for the line broadening with a
corresponding decrease with increasing total angular momentum, J . In addition, the
broadening effect is symmetry dependent and it was shown (Smith and Secrest, 1981;
Smith et al., 1992; Gabard, 2013) the total collisional cross-section for E symmetry
is lower than for A1/A2 and F1/F2 at low J , which results in smaller perturbation
and collisional-broadening for the E-symmetry species, as we observed.).
57
0.00
0.02
0.04
0.06
0.08
L
[c
m
1 /a
tm
]
0.0
0.2
0.4
0.6
n γ
n γ
n γ
0.00
0.02
0.04
0.06
0.08
L
[c
m
1 /a
tm
]
0.0
0.2
0.4
0.6
0.00
0.02
0.04
0.06
0.08
L
[c
m
1 /a
tm
]
F1/F2
A1/A2
E
2 4 6 8 10 12 14 16
0.0
0.2
0.4
0.6
I.
II.
III.
"J
Figure 4.5: Dependence of the Lorentzian coefficients γL and nγ on quantum number
J ′′. Panel I: All lines were fitted individually. The uncertainties are 1-σ error in each
individual line but the scatter arises primarily from the symmetry and N -index. Panel
II: Average of all lines over symmetry and N index. However this approach ignores
the dependence of symmetry and N dependency, and therefore, it disregards these
important physical effects. Panel III: Average of all lines within a symmetry species.
γL and nγ are reported in Tables 4.4, 4.7, and in the Table S1 (supplementary file).
Note that a few points are out of the fitted trend (dotted line), and therefore, the
fitted coefficients are reported in these tables. In addition, weak lines with low S/N
ratio and high-uncertainty are removed from the list in Table S1 (supplementary file).
Where error bars are not visible, the uncertainty from fittings for the data is smaller
than the symbol size itself.
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Figure 4.6: The dependency of pressure shift on quantum number J ′′. The plotted
error-bars are an indistinguishable combination of fitting uncertainties and differences
between symmetry and N quantum index.
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Table 4.4: J-dependent Lorentzian coefficients averaged over ν3 P branch line cluster
of CH4.
J ′ J ′′ γL γminL –γ
max
L
? nγ n
min
γ –n
max
γ
? δL
† nδ
1 2 0.069 0.068–0.069 0.65 0.59–0.66
2 3 0.067 0.066–0.068 0.56 0.55–0.57 −0.0040(5) 1.4(5)
3 4 0.065 0.061–0.068 0.56 0.51–0.60 −0.0035(4) 1.2(3)
4 5 0.066 0.063–0.067 0.60 0.54–0.68 −0.0032(4) 1.0(3)
5 6 0.066 0.063–0.068 0.58 0.55–0.63 −0.0041(4) 1.1(3)
6 7 0.064 0.054–0.067 0.59 0.51–0.65 −0.0038(7) 1.5(6)
7 8 0.063 0.057–0.061 0.55 0.54–0.57 −0.0031(5) 1.2(4)
8 9 0.063 0.062–0.063 0.55 0.53–0.56 −0.0035(5) 1.5(5)
9 10 0.059 0.045–0.062 0.52 0.44–0.54 −0.0030(8) 1.6(9)
10 11 0.058 0.049–0.060 0.48 0.42–0.52 −0.0027(5) 1.6(6)
11 12 0.057 0.054–0.058 0.46 0.41–0.47 −0.0032(8) 1.9(9)
12 13 0.053 0.035–0.057 0.42 0.25–0.48
13 14 0.051 0.037–0.054 0.36 0.20–0.54
14 15 0.046 0.041–0.051 0.24 0.14–0.41
15 16 0.043‡ 0.24‡
16 17 0.041 0.038–0.049 0.20 0.14–0.65
Note:
? γminL –γ
max
L and n
min
γ –n
max
γ represent the range of coefficients before averaging over symmetry and
N . Only the lines with high S/N ratios are considered for extracting the Lorentzian pressure-shift
coefficients (δL and nδ).
†The scattering in the pressure-shift coefficients arises from their dependencies into the symmetry
and N .
‡The extracted values of γL and nγ for J ′′=16 are 0.0324(51) and -0.2(1), which are out of the trend.
Therefore, these values are replaced with the expected values from the polynomial equation 4.8 due
to the weakness of the lines.
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4.5.2 Lorentzian Temperature-Dependence Coefficient: nγ
According to early Anderson collisional theory (Anderson, 1949; Baranger, 1958)
a broadened line has a Lorentzian profile (Eq. 4.3), and the broadening linewidth is
proportional to T−0.5 following Eqs. 4.6 and 4.7:
ΓL =
nν¯thσr
2pi
(4.6)
where n is the broadener column density (i.e., n=nH2= PH2/kbT ), ν¯th is the mean
thermal velocity from Maxwell-Boltzmann distribution (i.e., ν¯th =
√
8kbT/pim where
m is the H2 mass), and σr is the real component of the collisional cross-section (see
discussion in (Lyons et al., 2018b)).
ΓL =
√
2
kBmpi3
PH2T
−0.5σr (4.7)
Following Eqs. 4.6 & 4.7, the temperature-dependence coefficient, nγ is 0.5. Note,
there are different assumptions at play in Eq. 4.7 including the hard-sphere approxi-
mation, ideal gas law, and also a single thermal velocity ν¯th for all broadeners. There-
fore, this nγ=0.5 value should be considered as a gas kinetic value, and a more so-
phisticated picture is reviewed by Gamache and Vispoel (2018). Our results show
that nγ strongly depends on J , and it is in the range of ∼0.65–0.2 (see Fig. 4.5(II)).
No significant dependence of nγ on the tetrahedral symmetry species is found.
Table 4.5 lists most previous temperature-dependence measurements of CH4 in
different broadeners. In addition, the measurements are for different fundamental and
combination vibrational modes providing insight into the vibrational dependency of
nγ. The nγ of CH4@[N2] and CH4@[Air] falls in the range of ∼0.55–1.0 and ∼0.4–
0.9, respectively, which are roughly 30% larger than our results for CH4@[H2]. In
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comparison, CH4@[He] is about half that of CH4@[H2]. Table 4.5 also illustrates the
slight vibrational-dependency of nγ for various broadeners.
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Table 4.5: Overview of previous measured temperature-dependence coefficients, nγ,
of CH4 in various broadeners
Broadener T[K] Band Lines nγ
† Ref.
H2 300 – 700 ν3 116 0.2 – 0.65 PS
‡
77 – 295 6ν1,5ν3 2 0.45, 0.53 [1]
130 – 295 ν4 6 0.46 – 0.51 [2,3]
161 – 295 ν4 6 0.35 – 0.52 [4]
Air 200 – 300 ν3 3 0.62 – 1.0 [5]
211 – 314 ν4 148 0.50 – 0.80 [6]
212 – 297 ν1 + ν4 130 0.50 – 0.85 [7]
212 – 297 ν3 + ν4 406 0.50 – 0.90 [7]
212 – 297 ν2 + ν3 71 0.40 – 0.85 [7]
N2 215 – 297 ν3 3 0.94 – 0.97 [8]
215 – 297 ν2 + ν4 2 0.86, 0.92 [8]
77 – 295 6ν1,5ν3 2 0.77, 0.97 [1]
130 – 295 ν4 6 0.75 – 0.83 [2,3]
161 – 295 ν4 6 0.71 – 0.82 [4]
211 – 314 ν4 148 0.55 – 0.85 [6]
90 – 296 ν3 4 0.84 – 0.86 [9]
Self 77 – 295 6ν1,5ν3 2 0.84, 0.93 [1]
He 77 – 295 6ν1,5ν3 2 0.37, 0.67 [1]
130 – 295 ν4 6 0.28 – 0.38 [2,3]
161 – 295 ν4 6 0.26 – 0.38 [4]
Ar 130 – 295 ν4 2 0.80 – 0.83 [2,3]
161 – 295 ν4 6 0.72 – 0.82 [4]
† nγ coefficients are reported within a range due to their dependency on J and vibrational quantum numbers. In this
table, the reported nγ in some cases are extracted from a few transitions. ‡ Present Study
Ref: [1](Keffer et al., 1986),[2] (Varanasi, 1989), [3] (Varanasi and Chudamani, 1989), [4](Varanasi and Chudamani,
1990), [5](Varanasi, 1975), [6](Smith et al., 1992), [7](Devi et al., 1994), [8](Devi et al., 1983), [9](Mondelain et al.,
2007)
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4.5.3 Lorentzian Line-Shift Coefficients: δL and nδ
The S/N ratio in the current study is insufficiently high to extract pressure shifts
for all lines. Hence, a pressure-shift coefficient is calculated only for lines with J ′′=2–
11, and falls in the range of −0.004 to −0.002 cm−1/atm. We discern no significant
dependence of the Lorentzian pressure-shift coefficients on the J values (Fig. 4.6),
and the mean value of δL and nδ are −0.0035 cm−1/atm and 1.24, respectively. The
reported uncertainties for Lorentzian pressure-shift coefficients (δL and nδ) are due
to the scatter of the symmetry- and N -dependency. Note that our nδ is larger than
nγ, and this difference has been reported for water self-broadening as well (Markov,
1994).
The form of Eq. 4.5 is based on Eq. 4.4, which is derived from the ideal gas law and
hard-sphere approximation. Some studies of other systems such as Frost (1976) and
Baldacchini et al. (1996) have shown temperature-dependence has more complex form
than our selected formula in Eq. 4.5. Additionally, Smith et al. (1992) found both
positive and negative δL and nδ values for the CH4 ν4 band. However, we exclusively
observed negative δL and positive nδ values.
4.5.4 Global Equations for Lorentzian Coefficients
In order to provide Lorentzian broadening coefficients (γL and nγ) appropriate
for high-temperature H2-dominanted exoatmospheres (i.e., super-Earth or warm-
Neptunes with 400–900 K temperature), the dependency of these coefficients with
J ′′ is presented by fitting the experimental results to a second-order polynomial J ′′-
dependence (e.g., Eq. 4.8 see the red-dashed line in Fig. 4.5(II)). Additionally, due to
the significant dependence of γL on the symmetry species, the fitting coefficients are
extracted from them separately (i.e., Eq. 4.9 dashed lines in Fig. 4.5(III)) conforming
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to:
X(J ′′) = m1 +m2J ′′ +m3J ′′
2
(4.8)
X(J ′′, sym) = m1 +m2J ′′ +m3J ′′
2
(4.9)
where m1, m2, and m3 are the fitted constants, X is the Lorentzian coefficient i.e.,
γL, nγ, and “sym” can be A1/A2, F1/F2, or E symmetry species. All the polynomial
fitted constants are presented in Table 4.6.
Table 4.6: Fitted constants for global equations†
Case m1 m2 m3
γL (J
′′) 0.066 0.0008 −0.00014
nγ (J
′′) 0.520 0.0290 −0.00290
γL (J
′′, F1/F2) 0.0657 0.0012 −0.00017
γL (J
′′, A1/A2) 0.0650 0.0007 −0.00011
γL (J
′′, E) 0.0690 −0.0010 −0.00010
†Eqs. 4.8 and 4.9 are used to fit the γL and nγ results.
Note: γL and nγ coefficients are reported in Table S1 for all ν3 P -branch lines. The polynomial
equations Eqs. 4.8 and 4.9 should be used to determine these coefficients for transitions in the range
of J ′′=0–18.
4.5.5 Comparison with Existing Data
Since CH4 is an important molecule in the atmosphere of the Earth, other planets,
and brown dwarfs, many experiments have been carried out for broadeners in the
atmosphere of Earth (i.e., N2 and O2), Jupiter (i.e., H2 and He), and other broadeners
such as Ar- and self-broadening. In the following, we will discuss the comparison of
our results with the most relevant literature data.
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Figure 4.7 represents the comparison of our results with the literature data (Pine,
2019, 1992; Varanasi, 1989; Varanasi and Chudamani, 1989; Es-sebbar and Farooq,
2014) for the CH4@[H2] ν3 band. Note that most of the previous studies have been
for the Q branch (Pine, 2019, 1992) and employed Rautian line profiles; while there
are a few measurements on the P branch (Varanasi, 1989; Es-sebbar and Farooq,
2014), none employ H2 as a broadener. Figure 4.7 (I,II) shows the comparison of all
lines with their J-, symmetry- and N -dependencies. In Fig. 4.7 (II), the Pine (2019)
results are slightly lower than ours which might be due to the selection of different line
profiles and branches. In Fig. 4.7, a comparison of lines within different symmetry
classes is shown.
Figure 4.8 illustrates the comparison between our temperature-dependence co-
efficients nγ (i.e., CH4@[H2] for ν3 P branch) with both CH4@[N2] and CH4@[Air]
for ν4 band. Note, there are a two differences between these measurements: 1) our
broadener H2 is different from the previous works, 2) there might be some vibrational-
dependency of nγ. In general our nγ coefficients (@[H2]) is smaller than both @[Air]-
broadening and @[N2]-broadening 4.5.
Figure 4.9 represents the effect of various broadeners (i.e., self or CH4, N2, and He)
on γL for different Td symmetry species (Pine, 2019, 1992; Varanasi, 1989; Varanasi
and Chudamani, 1989; Es-sebbar and Farooq, 2014; Devi et al., 1983). In general
γL(Self) > γL(H2) > γL(N2) > γL(He). In earlier work (Tejwani and Varanasi, 1971),
electrostatic forces (dipole, quadrupoles, and higher-order multipoles) were theorised
to cause the differing broadening effects of various broadeners (or perturbers) on
CH4. However, the quadrupole moments of O2 and N2 could not explain their similar
broadening of CH4 (e.g., (Devi et al., 1983)), given that their quadrupole moments
differ by a factor of 3. Later, Neshyba et al. (1994) showed that in fact atom-atom
interactions supplant electrostatic interactions is a minor reason, and atom–atom
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interaction is the major source of broadening using Robert-Bonamy theory (Robert
and Bonamy, 1979) (see the theory section in Ref. (Gabard, 2013)).
Figure 4.10 compares our Lorentzian pressure-shift results δL(CH4@[H2], P branch,
see Table 4.4) with literature values for different broadeners and branches. The
reported δL are averaged over of J
′′, and they are in the range of the Pine (1992)
ν3 Q-branch data. In addition, this figure shows that the collisional effect of N2 and
Ar species on pressure shift is larger than H2. The largest δL, however, would be
due to the CH4 self-broadening interactions, and it is ∼2× higher than our results
(δL(CH4@[H2])).
0.00
0.02
0.04
0.06
0.08
L
[c
m
1 /
at
m
]
Literature
This Study
Literature
This Study
Literature
This Study
A SymmetryAll lines
0.00
0.02
0.04
0.06
0.08
L
[c
m
1 /
at
m
]
2 4 6 8 10 12 14 16
Literature
This Study
F Symmetry E Symmetry
" "
2 4 6 8 10 12 14 16
J J
Figure 4.7: Comparison of our γL results with literature pressure-broadening co-
efficients of ν3 Q-branch CH4@[H2] (Pine, 2019, 1992), and ν3 P -branch CH4@[H2]
(Es-sebbar and Farooq, 2014). Where error bars are not visible, the uncertainties
for our γL are smaller than the symbol size itself.
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Figure 4.8: Comparison of our temperature-dependence coefficients (i.e., ν3 P -
branch CH4@[H2]) at temperature range 300–700 K with ν4 Q-branch CH4@[N2]
Smith et al. (1992) and ν4 P - and R-branch CH4@[Air] Smith et al. (2009) at tem-
perature range of 210–314 K.
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Figure 4.9: Comparison of our γL results with the literature data including ν3 Q-
branch CH4@[He, N2, and Self] (Pine, 1992). Note that our results are averaged
over N , however, the scatter of the literature data arises from the N quantum index.
Where error bars are not visible, the uncertainties are smaller than the symbol size.
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Figure 4.10: The comparison of pressure-shift coefficient δL for different broadeners
(i.e., H2, N2, Ar, and self-broadening), and different branches Q and P (Pine, 1992,
1997, 2019).
69
4.6 Summary & Conclusion
High-temperature Lorentzian broadening and shift coefficients of CH4@[H2] for
more than 100 individual rovibrational transitions in the ν3 P branch are obtained
using high resolution (0.01–0.005 cm−1) FTIR spectroscopy. We find that γL falls in
the range 0.03–0.07 cm−1/atm, and is strongly dependent on molecular rotation and
symmetry dependent. The temperature-dependence broadening coefficient, nγ falls
in the range 0.20–0.65. The averaged shift pressure and its temperature-dependence
coefficient, δL and nδ are −0.0035 cm−1/atm and 1.24, respectively, and these are
constant with J as far as our data can determine.
All these coefficients were fitted to simple polynomial equations in terms of J ′′
and neglecting symmetry and N quantum index for the benefit of the astrophysi-
cal/exoplanetary community. Table S1 lists the γL and nγ for all individual lines,
showing the change in these coefficients with J , symmetry, and N numbers, and is
recommended to use these data where these details are important. The detection of
CH4 spectral features in hot-Jupiters to super-Earths needs these pressure-broadening
data because of their high-temperature and H2-dominant atmospheres.
These pressure-broadening and pressure-shift coefficients can be directly incorpo-
rated into current databases, such as HITRAN/HITEMP or EXOMOL.
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Table 4.7: Broadening coefficients? averaged over N .
J ′ J ′′ Sym γL [cm−1/atm] γminL –γ
max
L nγ n
min
γ –n
max
γ
1 2 E 0.069(1) 0.59(4)
1 2 F 0.068(1) 0.66(3)
2 3 A 0.066(1) 0.55(3)
2 3 F 0.067(1) 0.57(2)
3 4 A 0.064(2) 0.51(3)
3 4 E 0.061(2) 0.56(4)
3 4 F 0.068 0.068–0.069 0.60 0.60–0.62
4 5 E 0.063 0.063–0.073 0.60 0.60–0.95
4 5 F 0.067 0.065–0.072 0.60 0.54–0.68
5 6 A 0.065 0.063–0.067 0.55 0.53–0.58
5 6 E 0.063(1) 0.55(3)
5 6 F 0.068 0.063–0.070 0.63 0.51–0.66
6 7 A 0.067 0.067–0.069 0.65 0.59–0.65
6 7 E 0.054(1) 0.51(2)
6 7 F 0.066 0.064–0.068 0.60 0.57–0.62
7 8 A 0.061(1) 0.56(2)
7 8 E 0.057 0.056–0.059 0.54 0.52–0.53
7 8 F 0.065 0.063–0.067 0.57 0.55–0.60
8 9 A 0.062 0.061–0.079 0.53 0.52–0.88
8 9 E 0.063 0.058–0.063 0.56 0.56–0.67
8 9 F 0.062 0.061–0.064 0.56 0.51–0.60
9 10 A 0.061 0.053–0.062 0.53 0.46–0.57
9 10 E 0.045 0.045–0.062 0.44 0.07–0.45
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Table 4.7 – continued from previous page
J ′ J ′′ Sym γL [cm−1/atm] γminL –γ
max
L nγ n
min
γ –n
max
γ
9 10 F 0.062 0.061–0.063 0.54 0.52–0.56
10 11 A 0.060(2) 0.50(3)
10 11 E 0.049 0.045–0.057 0.42 0.41–0.43
10 11 F 0.060 0.055–0.059 0.50 0.32–0.59
11 12 A 0.058 0.052–0.059 0.47 0.46–0.50
11 12 E 0.054 0.049–0.054 0.41 0.40–0.62
11 12 F 0.056 0.055–0.058 0.45 0.41–0.77
12 13 A 0.057(1) 0.46(3)
12 13 E 0.035 0.030–0.064 0.25 0.16–0.48
12 13 F 0.056 0.055–0.062 0.48 0.36–0.60
13 14 A 0.053(9) 0.54(18)
13 14 E 0.037 0.031–0.048 0.19 0.19–0.29
13 14 F 0.054 0.052–0.063 0.35 0.15–0.57
14 15 A 0.051 0.049–0.055 0.35 0.22–0.50
14 15 E 0.048 0.043–0.052 0.41 0.31–0.40
14 15 F 0.041 0.027–0.059 0.14 0.15–0.53
15 16 A 0.048† 0.041–0.068 0.24† 0.24–0.59
15 16 E 0.027‡ 0.24‡
15 16 F 0.041 0.041–0.053 0.19 0.24–0.66
16 17 A 0.049 0.045–0.065 0.24 0.18–0.59
16 17 E 0.039 0.023–0.034 0.65 0.18–0.73
16 17 F 0.038 0.037–0.051 0.14 0.18–0.24
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Note:
? The uncertainties in parentheses (in units of the least-significant digit) are derived
from the estimated uncertainty of fitted linewidths. These are not well defined where
lines of differing quantum index, N , have been averaged and instead the range of
parameters for individual lines is given as γminL –γ
max
L and n
min
γ –n
max
γ .
†Extracted
values of γL and nγ for J
′′=16 are 0.041(12) and -0.00(27), which are out of the trend.
Therefore, these values are replaced with the expected values from the polynomial
equation 4.9 due to the weakness of the lines.
‡The extracted values of γL and nγ for J ′′=16 are 0.008(6) and -1.50(66), which are
out of the trend. Therefore, these values are replaced with the expected values from
the polynomial equation 4.9 due to the weakness of the lines.
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Table 4.8: (Table S1): Lorentzian coefficients of all indi-
vidual lines in the ν3 P branch.
J ′ C ′ N ′ J ′′ C ′′ N ′′ Position [cm−1] γL [cm−1/atm] nγ
1 F1 7 2 F2 1 2998.9940 0.068(1) 0.66(3)
1 E 4 2 E 1 2999.0604 0.069(1) 0.59(4)
2 A1 4 3 A2 1 2988.7952 0.066(1) 0.55(3)
2 F1 9 3 F2 1 2988.9325 0.068(2) 0.58(3)
2 F2 11 3 F1 1 2989.0335 0.067(1) 0.57(3)
3 E 9 4 E 1 2978.8481 0.061(2) 0.56(4)
3 A2 6 4 A1 1 2979.0113 0.063(1) 0.51(3)
3 F1 15 4 F2 1 2978.6505 0.068(1) 0.60(3)
3 F2 13 4 F1 1 2978.9199 0.069(1) 0.62(2)
4 F2 19 5 F1 1 2968.8552 0.065(1) 0.54(2)
4 F1 17 5 F2 1 2968.7362 0.072(1) 0.68(3)
4 E 12 5 E 1 2968.4736 0.063(1) 0.60(2)
4 F2 18 5 F1 2 2968.4033 0.065(1) 0.58(2)
4 E 11 5 E 1 2965.5244 0.073(10) 0.95(24)
4 F2 17 5 F1 1 2965.4654 0.072(1) 0.68(3)
5 F1 21 6 F2 1 2954.4796 0.068(1) 0.65(2)
5 A2 8 6 A1 1 2958.0173 0.063(1) 0.53(2)
5 F2 21 6 F1 1 2958.1200 0.068(1) 0.65(2)
5 F1 22 6 F2 2 2958.2329 0.070(1) 0.66(2)
5 E 15 6 E 1 2958.6825 0.063(1) 0.55(3)
5 F1 23 6 F2 1 2958.6508 0.063(2) 0.51(4)
5 A1 6 6 A2 1 2958.5364 0.067(1) 0.58(2)
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Table 4.8 – continued from previous page
J ′ C ′ N ′ J ′′ C ′′ N ′′ Position [cm−1] γL [cm−1/atm] nγ
6 E 17 7 E 1 2947.8110 0.054(1) 0.51(2)
6 F1 24 7 F2 2 2947.9121 0.068(1) 0.62(1)
6 A1 10 7 A2 1 2948.1079 0.067(1) 0.65(2)
6 F1 25 7 F2 1 2948.4214 0.066(1) 0.61(2)
6 F2 27 7 F1 1 2948.4741 0.064(1) 0.57(2)
6 A1 9 7 A2 1 2943.3310 0.069(4) 0.59(12)
6 F2 26 7 F1 2 2947.6680 0.066(1) 0.61(2)
7 F1 30 8 F2 2 2937.2346 0.063(1) 0.55(2)
7 E 19 8 E 2 2937.3082 0.056(1) 0.53(2)
7 F2 28 8 F1 2 2937.4950 0.067(1) 0.60(1)
7 F1 31 8 F2 1 2937.7672 0.065(1) 0.55(3)
7 E 20 8 E 1 2938.1926 0.059(2) 0.52(7)
7 F2 29 8 F1 1 2938.2154 0.063(2) 0.55(4)
7 A2 11 8 A1 1 2938.2518 0.061(1) 0.56(2)
8 F2 34 9 F1 2 2927.3726 0.063(2) 0.51(4)
8 E 23 9 E 1 2927.4292 0.063(3) 0.56(6)
8 F1 33 9 F2 1 2927.9321 0.061(2) 0.56(5)
8 F2 35 9 F1 1 2927.9636 0.061(1) 0.55(3)
8 A2 10 9 A1 1 2927.0762 0.064(1) 0.52(1)
8 F2 33 9 F1 3 2926.8851 0.063(2) 0.60(4)
8 A2 9 9 A1 1 2920.6112 0.079(11) 0.88(24)
8 E 21 9 E 1 2920.6840 0.058(10) 0.67(24)
8 A1 12 9 A2 1 2926.7002 0.061(1) 0.54(2)
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Table 4.8 – continued from previous page
J ′ C ′ N ′ J ′′ C ′′ N ′′ Position [cm−1] γL [cm−1/atm] nγ
8 F1 32 9 F2 2 2926.7830 0.064(2) 0.58(4)
9 F2 37 10 F1 1 2916.9662 0.063(2) 0.52(3)
9 F1 38 10 F2 2 2917.0661 0.063(1) 0.56(3)
9 A2 12 10 A1 1 2906.0934 0.058(1) 0.57(2)
9 A2 13 10 A1 1 2910.8115 0.053(15) 0.46(42)
9 F1 37 10 F2 3 2916.2016 0.061(1) 0.52(3)
9 E 24 10 E 2 2916.3018 0.045(1) 0.45(2)
9 F2 36 10 F1 2 2916.3963 0.062(1) 0.52(2)
9 A2 14 10 A1 1 2916.7538 0.062(1) 0.53(2)
10 F2 43 11 F1 1 2907.3361 0.058(4) 0.32(10)
10 F1 41 11 F2 1 2907.3213 0.055(2) 0.59(6)
10 A1 15 11 A2 1 2906.7350 0.060(2) 0.50(4)
10 F1 40 11 F2 2 2906.6476 0.062(2) 0.50(5)
10 F2 42 11 F1 2 2906.2825 0.062(1) 0.54(2)
10 E 28 11 E 1 2906.5888 0.057(2) 0.43(4)
10 F1 39 11 F2 3 2905.8137 0.059(1) 0.51(3)
10 E 27 11 E 2 2905.6975 0.045(2) 0.41(6)
10 F2 41 11 F1 3 2905.6337 0.057(1) 0.46(3)
11 A1 14 12 A2 1 2895.2333 0.059(2) 0.50(4)
11 F2 45 12 F1 1 2896.9801 0.057(4) 0.77(7)
11 A2 16 12 A1 1 2896.9902 0.052(5) 0.48(13)
11 E 31 12 E 1 2896.9747 0.049(18) 0.62(46)
11 F1 47 12 F2 1 2896.2999 0.057(3) 0.47(6)
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J ′ C ′ N ′ J ′′ C ′′ N ′′ Position [cm−1] γL [cm−1/atm] nγ
11 F2 44 12 F1 2 2896.2026 0.058(2) 0.41(4)
11 E 30 12 E 2 2895.8270 0.054(2) 0.40(4)
11 A2 15 12 A1 2 2894.9961 0.058(2) 0.46(4)
11 F2 43 12 F1 3 2895.0560 0.053(4) 0.46(11)
11 F1 45 12 F2 3 2895.1288 0.053(4) 0.46(10)
11 F1 46 12 F2 2 2895.7573 0.058(2) 0.45(4)
12 F2 48 13 F1 4 2884.3856 0.056(4) 0.44(8)
12 A1 18 13 A2 1 2885.0900 0.057(1) 0.48(2)
12 F1 47 13 F2 3 2884.5111 0.057(4) 0.60(8)
12 E 32 13 E 2 2884.4475 0.030(2) 0.16(8)
12 F1 48 13 F2 2 2885.2341 0.055(2) 0.44(4)
12 F1 49 13 F2 1 2886.6048 0.042(3) 0.55(10)
12 F2 50 13 F1 2 2885.8472 0.059(2) 0.51(4)
12 E 33 13 E 1 2885.8779 0.064(7) 0.48(15)
12 F2 49 13 F1 3 2885.3514 0.058(2) 0.43(5)
12 F2 51 13 F1 1 2886.6120 0.062(8) 0.36(18)
12 A2 16 13 A1 1 2885.7609 0.057(2) 0.43(4)
13 F1 52 14 F2 4 2873.7247 0.060(5) 0.52(9)
13 F1 54 14 F2 2 2875.4420 0.062(6) 0.48(10)
13 F2 53 14 F1 1 2875.3930 0.058(6) 0.36(11)
13 A2 19 14 A1 1 2874.9737 0.053(3) 0.38(6)
13 F2 52 14 F1 2 2874.8228 0.046(3) 0.15(6)
13 E 35 14 E 2 2874.7355 0.048(5) 0.29(10)
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J ′ C ′ N ′ J ′′ C ′′ N ′′ Position [cm−1] γL [cm−1/atm] nγ
13 F1 53 14 F2 3 2874.5310 0.063(4) 0.57(7)
13 F2 51 14 F1 3 2873.8294 0.052(6) 0.35(12)
13 E 34 14 E 3 2873.7677 0.031(5) 0.19(16)
14 E 38 15 E 2 2863.9964 0.043(6) 0.31(13)
14 F2 59 15 F1 1 2865.8072 0.059(20) 0.33(33)
14 F1 57 15 F2 1 2865.8035 0.027(6) 0.38(24)
14 A1 20 15 A2 1 2865.0127 0.049(5) 0.26(9)
14 F1 56 15 F2 2 2864.9759 0.044(7) 0.25(17)
14 E 39 15 E 1 2864.9542 0.052(15) 0.40(34)
14 F2 58 15 F1 2 2864.4436 0.059(13) 0.39(21)
14 F1 55 15 F2 3 2864.2489 0.058(6) 0.53(10)
14 F2 57 15 F1 3 2863.9258 0.044(7) 0.03(16)
14 A2 18 15 A1 1 2863.1509 0.055(7) 0.50(14)
14 F2 56 15 F1 4 2863.1006 0.032(10) 0.15(32)
14 F1 54 15 F2 4 2863.0588 0.040(9) 0.23(26)
14 A1 19 15 A2 2 2863.0225 0.048(5) 0.22(11)
15 E 40 16 E 2 2853.9445 0.045(20) 0.27(43)
15 A2 21 16 A1 2 2853.2337 0.050(4) 0.28(7)
15 F2 59 16 F1 3 2853.3338 0.055(5) 0.50(9)
15 F1 61 16 F2 3 2853.4368 0.053(17) 0.66(29)
15 F1 62 16 F2 2 2853.8962 0.044(7) 0.27(16)
15 A1 20 16 A2 1 2853.6966 0.068(11) 0.59(15)
16 F1 64 17 F2 2 2843.3659 0.051(44) 0.24(77)
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Table 4.8 – continued from previous page
J ′ C ′ N ′ J ′′ C ′′ N ′′ Position [cm−1] γL [cm−1/atm] nγ
16 E 42 17 E 3 2841.6553 0.034(18) 0.73(49)
16 A1 23 17 A2 1 2843.0894 0.065(31) 0.59(43)
Note:
(1) The uncertainty in fitting these coefficients are due to the uncertainty in fitting the Lorentzian
linewidth from the recorded spectra.
(2) The line assignments and the line positions of CH4 were adopted from HITRAN2016 Gordon
et al. (2017); Brown et al. (2013).
†The reported values of γL and nγ are from the polynomial equation 4.9 and included here for
completeness.
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Chapter 5
THE IMPACT OF DIFFERENT H2O LINE LISTS ON CROSS-CORRELATION
FUNCTION: TAKE-HOME MESSAGE FOR THE PAST AND FUTURE
GROUND-BASED EXOPLANETARY OBSERVATIONS
5.1 Introduction
The observational spectra of an exoplanet open an important window into under-
standing the physical and chemical processes that have shaped its past and govern
its future evolution. High-resolution spectroscopy is the primary driver of the exo-
planet community to deeply characterize the chemical composition of exoplanetary
atmospheres (Marley and Robinson, 2015; Birkby, 2018). Atmospheric composition
is essential in assessing the relative importance of various chemical processes (Moses,
2014) and it provides the possible clue in understanding planet formation scenarios
by linking volatile inventory to protoplanetary disk processes (Pollack et al., 1996;
O¨berg et al., 2011; Madhusudhan, 2019; Cridland et al., 2016; Mordasini et al., 2016).
Detecting the emission and transmission light from both transiting and non-
transiting hot-Jupiters though ground-based telescopes became very important during
last decade, particularly in the absence of James Webb Space Telescope (JWST ).
Instruments such as CRIRES/VLT are capable to detect with remarkably high-
resolution (R>30,000). The Signal-to-noise ratio of the detected light will be improved
by square-root of co-adding all detected IR lines through cross-correlation technique
(see Eq. 3 in Birkby (2018)) which was born after Radial velocity detection method
(Lovis and Fischer, 2010).
Several ground-based detections have confirmed the presence of H2O molecule in
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different exoplanets (Wang et al., 2018b; Snellen et al., 2010; Allart et al., 2017).
The important interpretation tool in cross-correlation technique is radiative transfer
modeling of the question exoplanet. The critical ingredient in modeling radiative
transfer technique is the molecular opacity data. Opacities represent the probability
of a given molecule to absorb or emit light. The aforementioned observational studies
have been utilized the water BT2 (Barber et al., 2006) and Shwenke (Partridge and
Schwenke, 1997) line lists to generate opacities. However, the new water line list,
POKAZATEL (Polyansky et al., 2018), has shown a various extra lines and slight
shifts in line position.
The main focus of our recent study was on the impact of the choice of broad-
ener in high-metallicity and steam super-Earth atmosphere (Gharib-Nezhad and Line,
2019b). In addition, we showed how much biases we should expect due to incorpo-
rating the inappropriate H2O opacity data into radiative transfer modeling. After-
ward, Brogi and Line (2019) developed a framework to bridge the cross-correlation
method to retrieval modeling of exo-atmospheres. They also concisely compared the
HITEMP/BT2 with Shwenke water opacity data for the emission flux of the CRIRES
K-band spectral range. To this end, we compute a full spectral range of POKAZA-
TEL opacity data for ∼0.9 – 11 µm for pressure range and temperature ranges of
500–2000 K and 10−6–100 bar (See the methods section).
Then, we used our computed opacity data as well as the past opacities (i.e., BT2,
Shwenke, HITEMP) to construct their cross-correlation functions (CCFs) (See the
result section). All these CCFs are utilized in radiative transfer code to generate the
exoplanet emission flux. Finally, the implication and the future prospects of the new
POKAZATEL opacities and the potential biases on either ground-based telescopes
with medium-high resolution were discussed in the conclusion and future work section.
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5.2 Methods
In the cross-correlation technique, high-resolution exoplanetary spectra detected
in different planetary phases, and then the recorded spectra will be corrected for
different stellar, instrumental, and Earth’s tulleric contamination (Birkby, 2018).
Cross-correlation function (hereafter, CCF) is the central tool to interpret the ob-
served ground-based high-resolution exoplanetary spectra. CCF accuracy is majorly
relies on the line list from which absorption cross-section data constructed from. In
the case of H2O CCF, exoplanet community have access to various opacities, which
come from different line lists (Sec. 5.2.1). The opacities computed from these line
lists will be used in this study (Sec. 5.2.2). Then these computed opacities are used
in order to generate synthetic emission spectra, and then, to construct CCF.
The overall objective in this study is to show the biases in the interpretation of
synthetic ground-based emission and retrieval parameters as a result of using differ-
ent H2O opacity data. In this section, we provide a brief description of the retrieval
technique and the forward model, and the parameterizations we use to retrieve the
temperatures and compositions from thermal emission spectra. In addition, we de-
scribe the water line lists in question and our new generated water opacity.
5.2.1 Line Lists
A generic Line list file includes all spectroscopic information to generate opac-
ity data, such as line positions, intensities, quantum assignments, and also various
pressure-broadening and pressure-shift values where available. Completeness and
accuracy of H2O line lists are two main issues that has been the subject of many
publications in both ab-initio and spectroscopic laboratory field.
Chronologically, Partridge and Schwenke (1997) have used high-level ab − initio
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Table 5.1: Comparing different H2O line lists. The focus of this work is on the
influence H2O line lists on cross-correlation function.
Line Lists Method λ[µm] Jmax No. Lines Ref.
Ames1997 Ab initio 0.4 – 100 55 ∼3×108 Pa97
BT2 Ab initio 0.33 – 100 50 ∼5×108 Ba06
POKAZATEL Ab initio 0.25 – 100 72 ∼1×109 Po18
HITEMP Lab/Ab initio 0.33 – 100 50 ∼1×108 Ro10
Refs.: Pa97 = (Partridge and Schwenke, 1997), Ba06=(Barber et al., 2006), Po18=(Polyansky et al., 2018),
Ro10=(Rothman et al., 2010)
approach to compute potential energy surface and dipole moment function of water.
Then, they empirically adjusted their water line list (hereafter, Ames1997 or Ames
or PS) by comparing their line position with available laboratory spectra. About a
decade after, EXOMOL group (Barber et al., 2006) computed BT2 water line list
which includes much more transitions with high total angular quantum number J
and wider spectral range. However, the comparison of the available H2O showed
that Ames1997 is more accurate in predicting line position than BT2 at wavelengths
longer than 1 µm (Bordbar, Wecel Hyppanen 2014; Albertietal. 2015; Melin Sanders
2016). Therefore, Ames1997 has still been utilized in radiative transfer modeling
of exo-atmospheres even if it is older. Meanwhile, HITEMP –the high-temperature
younger sister of HITRAN database– was born, and it used a trimmed version of BT2
line list, but with constant validation by comparison with laboratory water studies
(Rothman et al., 2010). Recently, EXOMOL group improved the BT2 line list by
refining the potential energy surfaces, and extending the wavelength range to 0.25 (or
40,000 cm−1) (Polyansky et al., 2016). Table 5.1 summarize all these four H2O line
lists and their key information.
5.2.2 Computation of Pressure-Broadened H2
16O Absorption Cross Sections from
POKAZATEL Line Lists
Absorption cross section data (hereafter, ACS) of a given molecule represents the
probability of the molecule to absorb or emit photons in an specific wavelength, and
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it includes millions of peaks or lines. Each line has its own width which is controlled
by both thermal broadening (or Doppler broadening) and collisional broadening (or
pressure-induced broadening)(see results section by Lyons et al. (2018a)). Incorporat-
ing the accurate pressure-broadening is inevitable because using inappropriate choice
of broadener or wrong broadening coefficients can result in detectable bias in in-
terpretations from observational transmission and emission spectra (see these recent
papers by Gharib-Nezhad and Line (2019b); Brogi and Line (2019) for an thorough
quantitative discussion).
In the previous study (Gharib-Nezhad and Line, 2019b), we generated the BT2
ACS data at spectral range of 400–1500 K for modeling super-Earth atmospheres.
In this study, we extend the H2O BT2 ACS data up to 2000 K for many PT points.
In addition, we generated a high-resolution water POKAZATEL ACS data for a full
range of 500–2000K and 10−6–300 bar for spectral range of 1-10 µm.
The water POKAZATEL line list (Polyansky et al., 2018) is inputed into the
EXOCROSS script (Yurchenko et al., 2018) to model the full Voigt profile (Huml´ıcˇek,
1979) of every single line between 1-10 (or 900–10,100 cm−1) over a grid of hot-Jupiter
applicable temperatures and pressures (Table 5.2). The spectral sampling resolution
is optimized as a function of temperature, pressure, and spectral sub-divisions in such
a way as to fully resolve the individual lines without undue computational burden
(Table 5.2).
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Table 5.2: Grid and computational assumptions over which the H162 O cross sec-
tions are computed. 306 T-P combinations and one broadener choices (H2+He) are
computed for each line list. A variable wavenumber resolution is chosen to properly
sample the Voigt-widths at each given T-P pair. Finer sampling results in negligible
differences in the ACS.
Line lists
1) BT2†
2) POKAZATEL
Broadening 85% H2 + 15% He
T[K]
500 575 650 725 800 900
1000 1100 1200 1300 1400 1500
1600 1700 1800 1900 2000
P[bar]
10−6 3×10−6 10−5 3×10−5 10−4 3×10−4
10−3 3×10−3 10−2 3×10−2 10−1 3×10−1
1 3 10 30 100 300
Resolution 1–10 : 2/ΓV
‡
Line wing cut-off††
P>1 bar: 300 cm−1
P≤1 bar: 100 cm−1
† The Water BT2 Absorption cross-section data for temperature range of 400–1500K was
computed in our recent work (Gharib-Nezhad and Line, 2019b). In this work, we extend the
water ACS BT2 data to 2000K. However, the POKAZATEL ACS data are generated for full
500–2000K in this study.
‡ ΓV is the Voigt line profile, which is the convolution of Doppler and Lorentzian line profile.
Sufficient details of the resolution and line-wing cut-off is provided in our (Gharib-Nezhad
and Line, 2019b) paper.
†† The Lorentz wing shape may not be appropriate out at such distances (Freedman et al.,
2008)
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Figure 5.1: Comparison of the current water opacity data at 500 K and 1 bar
generated from different current line lists
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Figure 5.2: Comparison of the current water opacity data at 1000 K and 1 bar
generated from different current line lists
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Figure 5.3: Comparison of the current water opacity data at 1500 K and 1 bar
generated from different current line lists
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Figure 5.4: Comparison of the current water opacity data at 1000 K and 1 bar
generated from different current line lists
5.2.3 Synthetic Observations
In order to investigate the biases from utilizing different H2O line lists on the
generated cross-correlation function (CCF) results of HD209458b and HD189733b,
the following steps have been done:
I. Different water opacities (i.e., H2O-BT2, H2O-POKAZATEL, H2O-Ames, H2O-
HITEMP) with R=500,000 are inputted into the CHIMERA code in order to
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generate the high-resolution emission synthetic spectra, FPlanet(ν), of a the can-
didate hot-Jupiters. Note that H2O and CO as well as H2 and He was assumed
to be their atmospheric composition. The generated exoplanetary flux here is
“at rest”, and so it has not experienced any type of the Doppler shift.
II. If we assume that Earth has no atmospheres, the detected exoplanetary flux
has to account for the exoplanet total radial velocity VRV , which is equal to the
systemic velocity Vsys, the Earth barycentric velocity Vbar, and the exoplanet
semi-amplitude velocity KP following Eq. 5.1:
VRV = Vsys + Vbary +KP sin(2piφ) (5.1)
Therefore, the “fake” high-resolution spectra, FPlanet(ν), experienced Doppler
shift as the VRV change during the exoplanet orbit, and so the Doppler-shifted
flux , F ′Planet(ν), has new line positions following Eq. 5.2:
ν → ν(1− VRV /c) (5.2)
where c is the speed of light.
III. The Doppler-shifted synthetic flux, F ′Planet(ν), then convolved to the Earth’s
tulleric spectrum T (ν). T (ν) consists of thousands of spectral lines of H2O, CO,
CO2, CH4 and other absorbers in the Earth’s atmosphere. In contrast to the
exoplanetary spectral lines, tulleric line positions do not experience noticeable
Doppler shift with respect to the ground-based telescope. This is important fact
because during the removal of tulleric spectral lines, two sets of H2O lines will
be dealt with: exoplanetary red-/blue-shifted lines and tulleric unsifted lines.
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The final flux generated in this step then will be:
F ′′(ν) = T (ν)F ′(ν) (5.3)
IV. The other step to create a real “fake” exoplanetary flux is to include the de-
tector imperfection such as noise, resolution, and quantum efficiency. In this
study, our goal is to understand the biases associated with instruments such as
VLT/CRIRES+.
5.3 Implication of Cross-Correlation Function
With the advent of the cross-correlation technique through ground-based tele-
scopes such as CRIRES/VLT, the resolution of the detected light has been pushed
up to >50,000. This will have a critical impact on our understanding of exoplanetary
atmospheres. However, the success of this technique relies on the accuracy of the com-
pleteness and accuracy of opacity data. The recent study by Brogi and Line (2019) as-
sessed the modeling of emission spectra of 2.3µm region with both the CRIRES/VLT
instrument (HRS, R>150,000), and the JWST (LRS, R=2000). Modeling results
show that high-resolution opacity data will lead to a substantial improvement in the
posterior distribution in the planet metallicity ([M/H]) and carbon-to-oxygen ratio
(C/O).
We will investigate the biases induced on CCF as a result of the differences between
water line lists in different CRIRES+ bands. In addition, the other important reason
is to investigate how much error is associated with interpretation of atmospheric
composition using the current ab-initio/theoretical and laboratory linelists. As an
illustration, the H2O linelist by Partridge and Schwenke (PS) was used since 1997,
but EXOMOL group published their version of the H2O linelist in 2006. Fig. 5.11
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shows the difference between these two sets of opacity data, which vary in line position,
number of lines, and intensity. This is critical for JWST and ground-based telescopes
with R>1000. Figures 5.5–5.10 illustrate the impact of utilizing these POKAZATEL,
PS and BT2 line lists on the CCF value, and consequently on the planetary detected
information.
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Figure 5.5: CCF value in Vsys −KP space for CRIRES+ Y band: In all cases, the
degeneracy between Vsys and KP is assessed. The values of CCF for POKAZATEL
(top panel) are larger than other line lists (bottom panels).
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Figure 5.6: Summed CCF values for Vsys and KP for CRIRES+ Y band: This figure
shows that POKAZATEL (blue, POK) is the most successful line list to retrieve the
planetary systemic velocity at the rest velocity of zero km/s. In contrast, PS is not
very accurate in this spectral region to retrieve these planetary data.
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Figure 5.7: CCF value in Vsys −KP space for CRIRES+ H band: In all cases, the
degeneracy between Vsys and KP is assessed. The values of CCF for POKAZATEL
(top panel) are larger than other line lists (bottom panels).
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Figure 5.8: Summed CCF values for Vsys and KP for CRIRES+ Y band: This figure
shows that POKAZATEL (blue, POK) is the most successful line list to retrieve the
planetary systemic velocity at the rest velocity of zero km/s. In contrast, PS is not
very accurate in this spectral region to retrieve these planetary data.
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Figure 5.9: CCF value in Vsys −KP space for CRIRES+ K band: In all cases, the
degeneracy between Vsys and KP is assessed. The values of CCF for POKAZATEL
(top panel) are larger than other line lists (bottom panels).
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Figure 5.10: Summed CCF values for Vsys andKP for CRIRES+ Y band: This figure
shows that POKAZATEL (blue, POK) is the most successful line list to retrieve the
planetary systemic velocity at the rest velocity of zero km/s. In contrast, PS and
BT2 are not very accurate line list in this spectral region to retrieve these planetary
data.
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As shown in the previous figures, employing Water line lists in retrieving plan-
etary orbital data (e.g., Vsys and KP ) will be important. As a result, the retrieved
atmospheric composition will be impacted by using different line lists, and therefore
water abundance will be biases in this way. For illustration, Brogi and Line (2019)
showed that the retrieved water and CO abundances as well as the planetary orbital
data would not be the same if BT2 and PS employed. The differences in these two
linelists result in significant biases and uncertainty in the posterior distribution of
parameters, and it is shown in Fig. 5.11.
Figure 5.11: The effect of linelist accuracy ( (Partridge and Schwenke, 1997) VS.
(Barber et al., 2006) ) in retrieving CO and H2O and planetary systems (Plot Credit:
(Brogi and Line, 2018)).
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5.4 Future Work
All the current water line lists will be used in order to generate cross-correlation
function. The cross-correlation function is fundamental in qualitative and quantita-
tive understanding of exoplanet atmospheres through ground-based telescopes. In-
accurate and incomplete water line lists can result in bias in the interpretation of
atmospheric composition.
Motivated by Fig. 5.11, as a future direction of this project, we will investigate
the potential bias that arises from the difference between these water line lists. To
this end, we generated the full H2O opacity data of H2O@[H2/He] for the ranges of
500–2000K and 10−6–100 bar. These differences in the CRIRES/VLT K-band range
are important for ground-based high-resolution spectroscopy. However, there are
some potential errors associated with this work: (1) the H2/He pressure-broadening
Lorentzian coefficients that is used to generate the opacity data are only appropriate
for room temperature; (2) Although the water POKAZATEL linelist is computed with
a high ab-initio theory level, there is not any lab measurement at high temperature to
compare with. These two reasons are the main motivation for the proposed laboratory
tasks. The results from the lab measurement including line position and line intensity
will be utilized in order to refine the potential energy levels, and finally validate and
improve the computational ab-initio linelists.
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Chapter 6
CONCLUSION AND FUTURE OUTLOOK
While the number of detected exoplanets exceeds 3800 ranging from rocky-planets
to hot-Jupiters, the only robustly detected exo-atmospheric molecules are limited to
H2O and CO (Snellen et al., 2010; Allart et al., 2017) and possibly metal oxides.
Thermochemical modeling (Moses et al., 2013) predicts the presence of other key
molecules (CH4, CO2, NH3, H2S, PH3), but radiative modeling of their atmospheres
has not shown any clue of any of these key molecules (Wang et al., 2018b). The critical
ingredient in modeling radiative transfer technique is the molecular opacity data. The
current opacity databases are either applicable for Jovian-like (H2-dominated, e.g.,
EXOMOL) or Earth-like (i.e., N2/O2, HITRAN/HITEMP) atmospheric compositions
(Tennyson et al., 2016; Hedges and Madhusudhan, 2016).
Additionally, although the resolution of the ground-based telescopes such as CRIRES
and ESPRESSO are astonishingly high (R>50,000), the modeling tools (i.e., cross-
correlation technique) to interpret their detected light requires accurate opacity with
accurate line position, linewidth, and line intensity for the relevant temperatures.
My PhD dissertation critically assessed the impact of pressure broadening from
both modeling and experimental approaches. The first project showed that incorpo-
rating the water absorption cross sections with the inappropriate pressure-broadening
could strongly bias the modeled emission and transmission exoplanetary spectra.
In fact, choice-of-broadener in computing the opacity data for high-metallicity exo-
atmospheres should be considered. In addition, this project open a window for further
experimental need of measurement of pressure-broadening data.
In the second project, we recorded the high-temperature infrared ν3 band of CH4
99
in the H2 bath gas in order to extract their pressure-broadening coefficients. These
coefficients are important to accurately model atmospheres of super-Earths and sub-
Neptunes in temperature range of 400–900 K. Results show that These coefficients
are dependent to the rotational angular momentum J , molecular symmetry, and
broadening gas. Different broadening gases induce different magnitude of linewidth
on the absorbing molecule, and hence, an accurate modeling of exoplanets needs a
composition-dependent pressure-broadening opacity data.
The third project is assessing the impact of water opacity data from different
current linelist which results in different amount of the C/O ratio and H2O abun-
dance. The cross-correlation function in this project is constructed for these water
linelists for different CRIRES bands in spectral range of 0.98–5 µm. Cross-correlation
function is essential in in qualitative and quantitative understanding of exoplanet at-
mospheres through high-resolution ground-based telescopes. Therefore, inaccurate
and incomplete water linelists can result in bias in the interpretation of atmospheric
composition.
Overall, the main focus on this thesis was to investigate the impact of different
H2O line lists and pressure-broadening effect on the observed exoplanetary spectra.
In addition, due to the critical need for high-temperature pressure broadening data
of CH4 molecule in H2 dominant atmospheres, this experimental work was done.
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